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ABSTRACT

The global energy and water crises are looming due to the exponential population growth and
the shrinking reserves of conventional fossil fuels and fresh water. The present research is
aimed at the development of novel components/technologies that would lead to efficient and
affordable concentrated solar thermal systems. A novel dual‐axis solar tracking system has
been developed, built and extensively tested on a field parabolic dish solar collector model. The
tracker has two main novel components; active dual axis tracker; and load compensator. The
tracker is characterized with simplicity and reliability. Two geometries of novel conical thermal
receivers were designed, constructed and field tested. One cylindrical cavity receiver has also
been constructed and compared with the two conical receivers. A parametric study was
conducted for all receivers to find the optimum performance conditions. Conical receiver has
shown higher conversion efficiency than cylindrical receiver. The optimum thermal conversion
efficiency for the conical receiver was found to be more than 90%. The conversion efficiency of
cylindrical did not exceed 60%. Two cuboid air receivers (steel and aluminium) with different
internal geometry were fabricated and tested under different operating conditions. The steel
air receiver was found to be more efficient than the aluminium receiver with the thermal
conversion efficiency of up to 49%. A novel water desalination system utilizing solar energy is
proposed. This system uses air as working fluid. A theoretical analysis has been performed to
assess the system performance.
Keywords: solar tracking, thermal receiver, parametric study, optimization, load compensator
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CHAPTER 1: INTRODUCTION
The reliance on fossil fuel is increasing with the increase of the energy demand. It is projected
that over the next few decades, 75% of the increased energy demand will be met by fossil fuels
(Nooyi et al., 2011). This increased demand of fossil fuels will not only cause a rapid depletion
of these energy resources but also adversely affect the environment by increasing CO2
emissions. The carbon emissions are expected to be double by 2050 based on these projections
(Nooyi et al., 2011).
A recent study by the International Energy Agency (WEO 2010) shows that 1.4 billion people do
not have an access to electricity. Additionally, 2.7 billion people use biomass to fulfill their
energy needs. According to the World Health Organization (WHO), the increased emission
would lead to the premature deaths of over 1.5 million per year by 2030 (Khatib, 2011).
Therefore, there is an urgent need to explore renewable energy resources and develop novel
technologies to utilize renewable energies to meet the global energy demand. It has been
estimated that renewable energy resources particularly solar energy has the potential to meet
global energy demand as the solar energy incident on earth is 5000 times the current global
energy demand (Abbott, 2010). The long term projections of the potential energy sources have
highlighted the fact that most of the fossil based energy resources will be depleted by the end
of this century and renewable energies will be the primary resources to meet the global energy
demand (see figure 1.1). Zerta et al. (2008) predicted an exponential growth of solar
technologies over the next two decades. They indicated that the amount of energy produced by
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concentrated solar thermal (CST) installations will rise up to 456 TWh by 2030 (more than 650
times the 2005 level). Similarly, the energy production by PV panels will rise up to 1147 TWh by
2030 (more than 200 times the 2005 level).

Figure1.1 Energy production over 160 years for different sources [adapted from (Zerta et al.,
2008)]
Although the projections show a substantial growth of CST technologies, there are still many
challenges to make them efficient, economically feasible and integrate them in the existing
infrastructure. The main components of CST system which are responsible of the system
performance are the solar tracker and thermal receiver. Therefore, the success of these
technologies is heavily relied on the development of efficient and economical trackers and
thermal receivers.
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1.1 SOLAR RECEIVER:
In CST systems, the incident solar radiation is focused into an enclosure (thermal receiver)
through optical devices where the concentrated solar radiation is converted into heat.
Conventional CST systems consist of three different optical configurations; parabolic trough,
parabolic dish and central tower. A parabolic dish system consists of a parabolic dish with an
array of mirrors and a receiver located at the focal point of the dish (see figure 1.2). Parabolic
dish systems are the most efficient of all solar technologies (Tyner et al., 2001). The thermal
receiver is responsible of absorbing the heat and then transfers it to the working fluid (i.e.
water or air) passing through it. As the temperature of the thermal receiver increases the
convection heat losses increases which decreases the efficiency of the receiver and in turn the
efficiency of the entire system.

Figure 1.2: Schematic of the parabolic‐dish system [(http://asolarheater.net/2471‐solar‐
collector‐dish‐best‐solar‐water‐heater.html)]
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1.2 SOLAR TRACKER
In any solar system, the amount of extracted (thermal or electrical) energy depends on the
solar collector orientation. For photovoltaic (PV) systems and solar tubular collectors, which are
typically fixed southward with a tilt angle equal to latitude ±10o, the energy output changes
throughout the day with the maximum output at the solar noon. Their performance could be
improved by allowing them to track the sun, i.e. to keep them oriented toward the sun
throughout the day. Some studies have shown that the performance of these systems could
increase by 20‐50% using a tracking system (Kelly et al., 2009). However, the solar tracking
mechanism is necessary for CST systems. That is, the solar concentrator should always be
oriented toward the sun to concentrate the sunlight at the focal point or line.
Although the Earth moves around the sun, to simplify the solar engineering analysis, the earth
is considered as stationary, and the sun moves around the earth. It is also referred to as the
Ptolemaic view (Hodge, 2010). The sun’s position with respect to a certain location on earth
changes azimuthally and altitudinally during the day. In the morning when the sun rises, its
altitude angle increases reaching a maximum value at the solar noon. Following the noon time,
the sun’s altitude angle decreases reaching the lowest value at the sunset. As for the azimuth
angle, it increases throughout the day, from sunrise (east) to sunset (west). This movement of
the sun creates an imaginary path, called the sun path, see Figure 1.3. The solar collector is
required to follow the sun’s path throughout the day to maintain its orientation and continue
to collect the maximum amount of solar thermal energy. This can be achieved by using tracking
systems to move the solar collector synchronously with sun’s movement.
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Figure 1.3 The sun path throughout the year [(Source: http://planetfacts.org/what‐is‐
the‐path‐of‐the‐sun/)]
There are two main types of solar trackers that have been commercially utilized: single‐axis and
dual‐axis trackers, as seen in Figure 1.4. Single axis trackers are not very efficient as they have
only one degree of freedom. These trackers are usually used with PV panels and common solar
collectors but are impractical for CST systems.
The second type of solar tracker is the dual axis trackers. These trackers are suitable for all
types of solar collectors. It has two degrees of freedom, which allows following the sun path
throughout the day. The present study is focused on the dual axis tracker.

1.2.1 DUAL AXIS TRACKER
There are some critical factors that need to be considered when designing and building dual
axis trackers such as the weather conditions, the geographical location of the collector and the
collector’s weight. The weather condition has a significant impact on the solar trackers’
operation when photo‐sensors are used to detect the sun light. Some of the current
5

technologies are problematic and result in substantial tracking failures. Other technologies use
computers and dedicated hardware to calculate the sun position and guide the tracker
accordingly. However, such technologies are expensive and heavily dependent on the precise
geographical location of the solar collector. In order for these trackers to operate accurately,
the exact information on the longitude and latitude of the installation site has to be provided
and built‐in software computes the sun path (i.e. the azimuth and altitude angles) from sun rise
to sunset for the given Julian day. In other words, such tracking systems do not follow the real
sun but rather the calculated path that the sun is expected to follow at that site. As these
calculations are fundamentally relied on the precise information about the longitude and
latitude of the site, any inaccuracy in the estimation of longitude and latitude can throw off
computer's calculations, leading the system to operate off‐track relative to the real sun path.
This results in a reduced efficiency of the system, especially for the CST systems.
The second biggest challenge that most of the solar tracker companies are facing is the solar
collector’s weight. When the sun altitude angle increases, the tracker has to push the collector
against its weight and hold it to the new position. As the sun altitude angle decreases, the
tacker has to tilt the collector down. In both cases, the tracker has to provide the necessary
torque to do the work. Currently, expensive high power electric motors are mostly used. In
other cases, heavy duty actuators are used, however these actuators are expensive and limited
by their stroke length. In some other applications, lighter material such as fiberglass is used to
construct the collector in order to reduce the load on the tracker. However, such materials are
expensive and less durable.
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(a)

(b)

(c)

(d)

Figure 1.4 Four different types of tracking systems; (a) Tilted Single Axis Tracker (TSAT),
(b) Horizontal Single Axis Tracker (HSAT), (c) Azimuth‐Altitude Dual Axis Tracker
(AADAT), (d) Tip‐Tilt Dual Axis Tracker (TTDAT) [(Source: http://www.solar‐power‐made‐
affordable.com/solar‐trackers.html)]

1.3 WATER DESALINATION
The availability of potable water is a serious issue worldwide. The World Health Organization
has estimated that over one billion people currently do not have access to the clean drinking
water (Qiblawey et al., 2008). The demand for potable water is continuously growing due to the
growth of population and industrial needs. In areas with very limited reserves of fresh water,
desalination of sea water or brackish ground water is a source to provide clean water. Two
main methods of water desalination are evaporation‐condensation of water and reverse
osmosis (RO). In evaporation‐condensation process, the saline water is heated causing the
7

liquid water to evaporate. These vapors are then condensed to obtain pure liquid water. In
reverse osmosis process, the pressurized saline water flows through water permeable
membrane and thus, the pure water is separated from the salt. Both methods require
significant energy which in most of the present desalination plants is obtained from
conventional fossil fuels. For example, 10,000 tons of oil is required annually to produce 1000
m3 of clean water per day (Kalogirou, 2005). The minimum clean water requirements are 1000
m3/person/year (Hinrichsen).
This indicates that in areas with limited reserves of fresh water, significant energy resources are
required to supply clean water. This is a major issue in developing countries with limited energy
resources. Furthermore, the reserves of fresh water are shrinking globally due to the increased
usage and contamination by the industrial wastes. Solar energy has been identified as a
potential substitute for conventional fuels in water desalination applications. Solar energy has
been used mainly as a heat source for water desalination through evaporation‐condensation
process. In these systems, the evaporation process typically takes place at the atmospheric
pressure and in the temperature range 40oC to 85oC (Al‐Hallaja et al., 2006). Due to the
temperature range lower than the boiling point of water at the atmospheric pressure, the rate
of evaporation is relatively low, unless the system is operated at significantly lower pressure
which has other issues. Concentrated solar energy systems have been proposed and used in
other applications such as power generation and thermo‐chemical reactions. Depending on the
type of the solar concentrator, temperatures in the range from 400oC to over 1000oC can be
achieved. This allows increasing the production rate of clean water at the standard pressure,
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significantly. However, the solar energy concentrators have not been well adapted for water
desalination applications.
As mentioned above, different technologies based on solar energy have been proposed and
implemented for water desalination (Qiblawey et al., 2008). A brief review of these
technologies is provided below: (i) Solar ponds: In solar ponds, water with different salinity is
arranged in a way that the salt concentration is highest in the bottom layer which decreased
with height. Most of the solar energy is stored in the bottom layer where the temperature can
reach 70oC to 85oC (Qiblawey et al., 2008). The salt‐water gradient does not allow mixing of
water layer as a result, this thermal energy is trapped in the bottom layer from where it is used
for thermal distillation process. Large areas are required to setup solar ponds. (ii) Flat‐plate
collectors: They consist of tubes on which metallic plates are attached. The solar radiation
incident on the tube and plate is transferred to the water inside the tube which increases the
water temperature. They have been used in some water desalination applications, however,
their performance was not found to be good for desalination applications (Garcia‐Rodriguez et
al., 2002). (iii) Parabolic trough collectors: They consist of long parabolic mirrors that
concentrate the incident solar radiation on to a receiver tube located along their focal line,
which absorbs the incident radiation and transmits it to the fluid flowing inside the receiver.
The parabolic trough concentrates solar radiation onto the thermal receiver by more than a
factor of 80 and the receiver fluid is typically heated up to 400 oC. Special thermal oil or water is
used as the receiver fluid. If thermal oil is used, then this high temperature thermal oil is used
to produce steam. If water is used then it is directly converted into steam. Parabolic trough
collectors work in large setups with land requirements in acres, and are mainly used for the
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electricity generations (Quaschning et al., 2001). It has been proposed to use the electricity
generated by the parabolic trough power plants for reverse osmosis desalination process, and
heat for evaporation‐condensation process. (iv) Parabolic dish collectors: A parabolic dish
system consists of a parabolic dish with an array of mirrors and a cavity receiver located at the
focal point of the dish (see figure 1.2). The solar energy incident on the dish is concentrated
into the receiver through a small aperture. The parabolic dish has significantly high
concentration ratio which provides temperatures over 1000 oC inside the receiver. Parabolic
dish systems are mainly proposed and developed for thermo‐chemical reactions which require
high temperatures. It includes the upgrading of methane to the synthetic gas and the hydrogen
production from water (Steinfeld, 2005).
As the above literature review shows, the parabolic dish concentrated solar system has a strong
potential for water desalination applications due to its high concentration ratio. Furthermore,
due to its relatively smaller dimensions, it has the flexibility of space requirements and can be
used as small standalone units or in the form of an array of units. The overall cost is also
expected to be relatively low due to the smaller size and simplicity of the system. However, in
spite of the system simplicity, the designing of system components faces several technical
challenges. One of the challenging tasks is the designing of receiver. The concentrated solar
radiation enters the receiver through a small aperture. However, through the reflection from
inner surfaces, a significant portion of the incident solar radiation is radiated out of the
aperture resulting in significant re‐radiation losses (Fletcher, 2001). Furthermore, the designing
of desalination system utilizing high temperature from the receiver requires significant efforts.
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1.4 LITERATURE REVIEW: SOLAR TRACKER
In the literature, most of the studies are on the existing solar tracking technologies and their
impact on the performance of PV modules. Many studies were focused on single axis solar
trackers for photovoltaic panels while fewer studies were conducted on dual axis solar trackers.
There is a lack of investigations to develop a new dual axis tracking system to overcome all the
challenges experienced by existing technologies such as reliability, high cost, high power
requirements and difficulties of installations.
Pavel et al. (2004) studied the influence of the tracking system on the power outputs of a
photovoltaic panel (MDSR‐65) and compared them with the outputs of a stationary PV panel.
Their analysis showed that the power output from the tracking PV panel in summer increased
by 28% compared to the stationary panel. In winter the power output of the tracking PV panel
is 22% larger than the stationary system. They also calculated the output from these two
configurations at equinox time and found a 25% increase from using the tracking system.
Lorenzo et al. (2002) conducted a detailed study on a vertical single axis tracker for existing PV
tracking panels in Spain (i.e. 1.4MW Tudela PV plant). The main focus of this study was on the
configuration of the PV panels at the plant and the optimum configuration with minimum
shading effect was found. Both the east‐west and north‐south shadowing has been considered
in this study. A theoretical model was presented to determine the best configuration. A
comparison between the photovoltaic panels with a single vertical axis tracker and fixed tilted
panels was conducted. The results showed an increase in the collection energy by 40% if the
single axis tracker is used.
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Seme et al. (2011) proposed a novel procedure to find the tilt angle and azimuth angle of PV
panels to be utilized with a commercially available dual axis tracking system. The power
consumption by the drivers (i.e. 24VDC motors) were considered in their procedure. The
currents and the voltages of the DC motors were measured to determine the energy
consumption. They claimed an increase in the efficiency of the PV panel by 10‐50% using their
procedure.
Roth et al. (2005) presented a low cost dual axis solar tracker. The tracker was equipped with
modules to calculate the sun position, to detect the position of the sun, and to process the
information. A detailed description about the mechanical and electrical components, design
and operation were presented. The cost of the system was claimed to be low, however the
precision was not as high as commercially used trackers. Poulek et al. (1998) also proposed a
low cost active solar tracker that used the driven PV panel as the power supply to the tracking
system as well as sensing device to find the sun position. The design has a backtracking feature,
which is recommended for PV panels; however, this feature is necessary for concentrated solar
system.
Tomson (2008) compared the energy yield of a two‐positional tracking collector with a fixed
south‐facing collector. The results showed that the conducted two‐positional tracking collector
had a higher energy yield over the fixed collector by 10‐50%.
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1.5 LITERATURE REVIEW: SOLAR RECEIVER
Avila‐Marın (2011) conducted a review study on the volumetric receivers. The study showed
that volumetric receivers are the best alternative between other types of receivers. Thermal
efficiency, outlet temperature and output power for various types of volumetric receivers has
been reported. The study showed that the SIREC (i.e. a project led by CIEMAT and IAER in Spain
using heliostats) volumetric receiver had the lowest performance with 48% thermal efficiency
and 710°C air outlet temperature. The best estimated performance reported was for the MK1
volumetric receiver with 70‐90% thermal efficiency and an outlet temperature of 842°C.
Air return ratio (ARR) is an important factor that affects the performance of volumetric air
receiver. This can be achieved by re‐injecting the exhaust hot air again into the receiver to
increase the heat gain (Marcos et al., 2004). The authors studied the effect of the ARR on solar
volumetric receiver. Numerical analysis using FLUENT has been conducted on a hypothetical
receiver with multicomponent geometry to study the effect of these geometry on the ARR. The
results shows over 90% increase in ARR using the cavity while the average ARR did not exceed
70% when all the geometries were used.
Tan et al. (2010) conducted a review on a solid particle solar receiver (SPSR). The authors also
performed a numerical analysis on the SPSR receiver as well. A conceptual receiver design was
proposed. The receiver aperture was assumed to have an air jet flow to separate the hot air
inside the receiver from the atmospheric air. They studied the effect of the wind on the receiver
performance with and without the aerowindow and the thermal efficiency was computed. They
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found that the efficiency was enhanced by using an aerowindow. However efficiency decreases
as the wind speed becomes larger than 1m/s.
Shuai et al. (2008) performed a theoretical study on the radiation performance for a cavity
receiver coupled with a parabolic dish solar collector. The directional distribution of focal flux
was evaluated in different locations at the focal region. Five different cavity receivers were
examined and their analysis showed that the spherical receiver gave a promising radiation
performance.
Hischier et al. (2009) proposed a novel solar air receiver for power generation applications. The
receiver was categorized as a high temperature cavity receiver with an outlet temperature of
about 1000°C at a concentration ratio of 300 suns as reported by the authors. The receiver
consisted of two concentric cylinders with an annular reticulate porous ceramic (RPC), where
the air passes through it. The predicted thermal efficiency for this receiver was 67% at 10 bars
and 1415 suns concentration ratio. Increasing the concentration ratio to 300 suns can increase
the thermal efficiency up to 78% with 1153°C outlet temperature, predicted by the authors. The
receiver performance can be enhanced by decreasing the heat losses which can be achieved by
increasing the air flow rate.
A study by Klycheva et al. (2010) showed that the solar receiver efficiency decreases as its
temperature increases. Additionally, they described the effect of the concentration ratio on the
thermal efficiency of solar receiver. Furthermore, the thermal efficiency changes significantly
with the type of the absorber (i.e. black, gray or selective). Their analysis showed that the
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thermal efficiency decreases for a selective receiver with respect to the black receiver as the
concentration ratio increases.
Bertocchi et al. (2004) designed and tested a solar particle receiver for high temperature
applications. The experimentation was performed under a high solar concentration ratio using
nitrogen gas and air. The receiver efficiency reached 85% with outlet temperature of 2100K for
Nitrogen and 200K for air.
Tom et al. (2008) designed and constructed 5kW cylindrical cavity receiver for thermochemical
processes. Monte Carlo ray‐tracing and finite difference technique was used to evaluate the
thermal performance of the receiver. The conversion efficiency (i.e. solar to chemical) was
28.5% at 2300K and 40kW per absorber unit length.
Wu et al. (2011) conducted a study on the air flow inside a volumetric air receiver. They
proposed a convective heat transfer correlation between the ceramic foams and air flow inside
the receiver.
Many other studies were numerical in nature and focused on understanding the heat transfer
processes between ceramic foams and air inside volumetric receivers and developing computer
modules to assess receiver performance.
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1.6 LITERATURE REVIEW: WATER DESALINATION
Many studies showed that renewable energy plays an important role in water desalination
processes specifically in remote areas where the availability of conventional energy sources are
scarce (Koroneos et al., 2007). A study by Koutroulis et al. (2010) offered a methodology to
minimize the cost of desalination systems that uses renewable energy as a power source. The
methodology was tested on desalination systems that use photovoltaic and wind generators to
provide the required power. The best combination (i.e. type and number of units) of two
selected hybrid desalination systems, a small community and a residential household, was
determined using the proposed methodology. It has been found that the system cost was
mostly driven by the capital cost of system’s components. The capital cost for household and
small community was 72% and 84% of the total cost, respectively.
Bourouni et al. (2011) presented another methodology that can be used to reduce the cost of
water desalination systems that utilized renewable energy (especially solar and wind).
A review study by Karagiannis et al. (2008) was focused on the cost of the desalinated water
with respect to raw water quality, method of desalination and the energy used. They developed
a tool to estimate the cost of desalinated water. It has been found that the cost of desalinated
water is higher when renewable energy used.
Chaouchi et al. (2007) have developed a parabolic trough system for the desalination of
brackish water. They supplied the brackish water to the receiver where it boiled and then
condensed in a separate unit. Their dish aperture diameter was 1.8 m and stainless steel
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segments attached to the dish were used as reflectors. Their distillate output over nine hour
cycle was approximately 0.7 liters/hour. They have also reported several other issues and
attributed them to their system design. They have emphasized on the design improvement of
the receiver.
The system proposed by Chaouchi et al. (2007) has the saline water boiling in the absorber
which is not an optimal design as it leads to the reduced efficiency and life of the receiver due
to the salt deposition. The removal of brine or salt from the receiver is also an issue. The
production rate of pure water in their system was also low. Thus, significant improvements in
the design of desalination system are required for the efficient production and longer life cycle.
Aybar et al. (2010) discussed one of the most popular water desalination systems, RO, that
utilize solar energy. In their study, they proposed a small scale PV powered desalination system.
Abu‐Jabal et al. (2001) conducted an experimental study on a solar water desalination system
that utilized solar energy to provide the electrical power required for the system using PV
panels. Solar tube collector was used to collect the thermal energy from the sun. Three stages
of evacuated evaporator were employed in this system. The annual desalination mass flow rate
was measured and ranges between 85 and 204 L per day depending on the time of the year. A
very recent comprehensive review of conventional water desalination technologies with a
comparison of these systems with water desalination systems that uses renewable energy has
been conducted by El‐Ghonemy (2012). Cost analysis study for these technologies was also
performed.
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1.7 MOTIVATION AND OBJECTIVES
A Solar tracker is a crucial component of a solar energy system. The accuracy of the tracker is
vital for the proper alignment of the solar collector with the sun. As the literature review
shows, the existing solar trackers are either astronomical that uses computers and
sophisticated algorithms to track the sun based on the calculated path or they are based on
sensing the sunlight using bulk approximations. Therefore, there is a need to develop a simple,
smart and cost effective solar tracking system. Similarly, thermal receiver, which is the heart of
any solar thermal system, is not developed in a way to maximize the heat gain.

The global fresh water reserves are shrinking rapidly and the global water crisis is looming. The
existing water thermal desalination technologies are primarily fossil fuel based. Several studies
are investigating and developing solar technologies for water desalination but the major issues
faced by these technologies are scaling if brackish water is directly heated in the solar collector,
or low efficiency due to the multiple heat exchange processes to avoid scaling. Similarly, the
indirect contact water‐to‐water heat transfer as proposed in several studies is not as efficient as
direct contact heat exchange. However, it is not practical and economically feasible in water‐to‐
water exchange process. Therefore, there is a need to develop a novel technology that utilizes
solar energy for water thermal desalination and addresses the above issues.

Thus, the objectives of the proposed research program are,

∙ To develop a novel dual‐axis solar tracking system that overcomes most of the
issues/limitations of the current solar trackers
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∙ To develop a high performance solar thermal receiver that maximizes the solar heat
gain

∙ To develop a novel solar thermal desalination system that overcomes most of the
issues/limitations of the current solar thermal desalination technologies

1.8 THESIS LAYOUT
Introduction, literature review and motivation are introduced in Chapter 1. Chapter 2
introduces and describes the novel dual axis tracking system and load compensating
mechanism. Chapter 3 is focused on solar thermal receivers. Novel cavity/conical receiver is
introduced in this chapter. Detailed parametric studies on different geometries are also
conducted in this chapter. Novel solar desalination system is introduced in chapter 4 with
preliminary thermodynamic analysis. Chapter 5 summarizes the main conclusions of this
research followed by some future recommendations.
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CHAPTER 2: GLOBAL SOLAR TRACKER
As described in chapter 1, the amount of extracted energy (thermal or electrical) from the sun
depends on the solar collector orientation. For concentrated solar systems, the collector should
always be oriented towards the sun. This can only be achieved by using a dual axis solar tracker.
An extensive investigation including discussions with some solar energy developers shows that
the current solar tracking technologies face many issues such as:
(i)

Reliability: In most of the current solar tracking technologies, Solar Position Algorithm is

used to find the sun position and move the solar collector guide the tracker to track the sun
according to that position. This requires providing the date, longitude, latitude and the
collector’s orientation with respect to the true North‐South. Any error in entering these data
will cause an inaccurate sun tracking which as a result affects the concentration ratio of the
solar concentrator causing a negative impact on the collector’s performance.
(ii)

Affordability: The current technologies are highly expensive due to the use of some

expensive components like, heavy duty motors, heavy duty actuators and expensive algorithmic
models to find the sun position.
(iii)

Power requirements: Due to the weight of the solar collector and its components, high

power drivers are required to drive the azimuth and altitude tracker, especially with the large
installation.
(iv)

Time of the installation: The installation cost of the current tracking technologies is

relatively high due to the time requirements to install the tracking system components.
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Due to the issues and challenges with the existing tracking systems along with the exponential
growth of the solar energy market, there is a significant need to develop a simple, affordable
and reliable solar tracker to mitigate the drawbacks of the prior art and to make concentrated
and non‐concentrated solar systems more efficient, feasible and affordable. During the course
of this study, a novel solar tracking system (i.e. Global Solar Tracker) has been developed to
solve all these issues.

2.1 GLOBAL SOLAR TRACKER
There are many features which differentiate this novel tracker from the current technologies.
This tracker can be used with any type of the existing solar systems that include concentrated
solar systems, solar collectors for water heating as well as PV solar panels. The system can be
installed at any location without the need to any further modifications. Unlike computer‐
controlled tracking systems, this novel tracker tracks the real sun in real time and thus, it is
independent of the location. Therefore, it does not need a computer or computer guidance. In
other words, there is no need to know the longitude and latitude of the site. The tracker has
two degrees of freedom, i.e. it is a dual‐axis tracker. Two low volt/low current drivers are used
to move the collector azimuthally and altitudinally. The system uses two photo sensors;
azimuth sensor and altitude sensor. Drivers and sensors are connected to a controller which
controls the tracking process throughout the day in any weather condition. When the sun
position changes, these sensors detect these changes and send a signal to the controller to
power the drivers and adjust the collector position accordingly. Another advantage of the
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system is that it does not require grid connectivity and hence, it can operate remotely by a
12VDC solar panel.
This tracker is equipped with a novel load compensator to reduce the load on the motors due
to the collector weight, wind loading, snow loading and other solar system components.
Utilizing this innovative technique makes it possible to use low power 12 DCV drivers, thus
minimizing the power requirement of the tracking system and hence the capital and operating
costs.

2.1.1 Tracking design
This section covers the full description including the design of the invented global solar tracker.
This tracker is an Azimuth‐Altitude Dual Axis Tracker that has a primary axis mounted vertically
to the ground and a secondary axis normal to it. Significant efforts have been made to achieve
the final design and build the system. The target was to make a compact tracker which is easy
to assemble and repair, cost effective and reliable. In order to achieve the goal, many
configurations, materials and components’ choices has been taken into account and compared
from the manufacturing and cost standpoint to reach the final design.
The system is comprised of the following main components:
1- Collector support,
2- Azimuth tracker,
3- Altitude tracker,
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4- Load compensator,
5- Tracking system controller,
6- Power supply,
2.1.1.1 Collector support
For any tracking system, the collector support, on which the tracking system is installed, has to
be as rigid as possible to carry the entire solar collector load and withstand extreme weather
conditions. In this study, weather conditions and the weight of the solar collector (parabolic
concentrator in this case of study) and its components such as the thermal receiver have been
taken into account to design the collector support. Hence, any extra weight or extreme weather
conditions will not damage the solar system or affect its alignment.
The collector support comprises of a base, a post and four supporting bars. The base was
designed to be a square steel frame (i.e. 1.3m X 1.3 m). The system was planned to be mobile
and can be reinstalled in any future suggested site. Initially the support was designed to be a
square steel frame made of hot rolled rectangular steel tube (50mmx25mmx3mm) and plated
with thick (3 mm) sheet metal to create a solid flat base on which concrete slabs would be
placed to stabilize the system. However, such a design is too heavy which makes it hard to
move the system from one location to another. Additionally, more materials are required to
manufacture such system, thus increasing the capital cost. Therefore, the base was redesigned
to be cost effective and lighter than the previous design (see figure 2.1). The new base was a
square sectional steel frame which has four sections and was made of hot‐rolled steel angles
(50mmx50mmx3mm). Inside each section, a certain mass has to be placed according to the size
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of the collector and the maximum possible wind forcing. Concrete slabs were used (in the
current system) and fitted inside each section. The main post was made of 50mm diameter hot‐
rolled round steel tube with 3mm wall thickness. The post has been bolted vertically to the
base structure so that it can be removed as necessary. The four supporting bars were made of
hot‐rolled square steel bars (13mmx13mm). These bars were bolted to the base from one side
and welded to the main post from the other side. This way they can be detached from the base
with the main post as one piece when needed. The following figure shows the collector support
with its components.

Supports

Main post

Base

Figure2.1 Solar collector and tracking system support
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2.1.1.2 Azimuth tracker
The function of this tracker is to adjust the solar collector azimuthally so that it stays align with
the sun as it changes its position from east to west. Two design options have been investigated.
The first option, which has been used by some companies, is to make the main post which is
supporting the entire solar collector system pivoting at the base. This can be done either by
using a rack and pinion which has to be circle shaped and coupled with a driver (motor), or
using a spur gear that installed concentrically with the main post and coupled with a driver, see
Figure 2.2.

Post

Spur gear
(follower)

Spur gear
(driver)

Driver
(motor)

Figure 2.2 First option: Azimuth tracker installed at the base of the solar collector
There are few disadvantages of using such a design. First, being at the bottom (where the entire
load is supported), the pivot point is a weak point and most likely to break due to wind or snow
loading. Second, to relocate such a system the azimuth tracker has to be dismantled for
shipping and packing purposes. For these reasons a decision has been made to exclude this
option and develop a new design.
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A new innovative azimuth tracker has been developed to mitigate all of the above issues. This
tracker comprises of the following main components; (1) 12 VDC reversible motor (2) 120 teeth
follower gear (3) 12 teeth driver gear (4) Main post (5) Secondary post (6) Spacers (7) “C” clamp
(8) Clamp‐on shaft collar (9) gear box (10) Motor support or base, see Figure 2.3.
















Figure 2.3 Azimuth tracker components
In this design, the azimuth tracker was installed concentrically with the main axis as shown in
figure 2.3. A 1016mm long, 50mm diameter hot‐rolled round steel tube with 3mm wall
thickness has been used as a main post, (4). To the bottom of this post, a flat steel plate,
406mmX64mmX3mm has been welded and then bolted to the base as shown in figure 2.1.
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A flat steel plate, 178mmX64mmkX3mm, (10), has been drilled from one end to the same
diameter of the main post and then welded concentrically to the upper end of the main post
creating the azimuth motor support. A 12 VDC reversible motor was used as an azimuth driver.
The function of this motor is to spin the entire system from east to west to correct the collector
azimuth angle as the sun position changes throughout the day and bring it back to the morning
position in the morning. The motor has to provide enough torque to spin the entire system and
also provide an adequate breaking torque to overcome the wind loading. Therefore, a DC
motor equipped with a gear box, (9), was utilized. The gear box amplifies the gear ratio to
provide the required spinning and breaking torque, see section 2.2.2 for torque calculations.
The secondary post, on which the collector and the altitude tracker are mounted, has been
made of hot‐rolled round steel tube, 1016mmlong X44mm diaX3mm wall thickness, (5). This
post slides inside the main post providing the azimuthal rotation of the solar collector. The
secondary post was coupled with the azimuth motor (which is mounted on the main post)
through spur gears. The driver gear, (3), was installed on the azimuth driver by means of clamp‐
on shaft collar, (8). This collar adds more durability and prevents any possible damage to the
driver gear. The driver spur gear meshes with the follower spur gear, (2). To adjust the follower
gear height so that it engages perfectly with the driver gear, a spacer, (6), was used. The
follower spur gear has been machined to fit concentrically on the secondary post. The follower
gear was fixed to the secondary post by means of set screws to allow adjusting the collector
height, see figure 2.4. Once the set screw is loosened, the secondary post can slides up and
down to adjust the collector height as necessary. The height from the center of the dish to the
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base can be as low as 1194mm but no more than 1702mm to minimize the bending moment
due to the wind‐induced drag forces (see section 2.2.1).

178mm
1702mm
686mm

1016mm

Figure 2.4 The maximum and minimum collector height
After assembling the azimuth tracker, it was noticed that the set screws were not enough to
hold the entire system causing the secondary post to drop down without maintaining the set
height. To overcome this problem, a “C” clamp, (7), was used to hold the secondary post in
place. This clamp was mounted on the secondary post underneath the follower gear so that it
sits on the azimuth motor support. A thrust bearing can be placed between the clamp and
motor support to reduce the friction between them.
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2.1.1.3 Altitude tracker
Unlike the prior art, this novel altitude tracker is more accurate, compact, durable and easy to
maintain. There are two main functions of this tracker. First, it has to adjust the altitude angle
as the sun travels through the sky from sunrise to sunset. Second, it acts as a break to hold the
collector in place (balance the collector) when it is not tracking the sun. From sunrise to noon,
the tracker has to act against the weight of the collector and its components. After the noon, as
the altitude angle starts to decrease, the tracker has to adjust the solar collector accordingly. In
other words, the collector has to move downward to follow the sun path. Thus, the tracker has
to apply the breaking torque to move the collector downward in a controlled manner.
The initial idea was to use a tracker which employs an actuator to provide the tilting movement
of the collector. However, actuators are limited by their stroke length unless an expensive
actuator is used or complicated mechanical arrangement is employed. Therefore, an alternative
solution to these trackers became essential to provide an affordable and more flexible tracker
which can provide a wider tilting angle.
After a thorough investigation to the current technologies, the decision was made to use a
reversible motor instead of an actuator to drive the tracking system. This led to the invention of
a novel altitude tracker.
The new novel altitude tracker has been developed to mitigate the problems experienced by
prior solutions. This tracker comprises of, (1) 12 VDC reversible motor equipped with a gear
box), (2) Motor support, (3) 120 teeth follower gear, (4) 12 teeth driver gear, (5) Driver gear’s
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guide, (6) Secondary post, (7) Shaft, (8) Clamp‐on shaft collar, (9) Shaft support, (10) Collector
mount, (11) Tracker coupling and, (12) motor bracket, see Figure 2.5
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Figure 2.5 Altitude tracker’s components
The tracker has been designed to be easily installed at the top of the secondary post. The motor
was mounted on the motor support, (2), which in turn mounted on the secondary post. This
support is been made of a flat steel plate 178mmX64mmX3mm which was drilled from one end
and mounted concentrically on the secondary post. A special clamp‐on shaft collar, (8), was
used to fix the motor support to the secondary post (also see figure 2.6). This mechanism
allows the motor with its support to move up and down which makes it easy to maintain the
motor if needed. For instance, if there is any need to decouple the gears or replace the motor,
it can be done easily by unscrewing the clamp‐on collar’s set screw and simply sliding the
motor’s support down.
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An aluminum angle 127mmX38mmX6mm, (12), has been used as a motor bracket and has
bolted to the free end of the motor’s support. Driver gear, (4) was mounted on the motor shaft.
To prevent any damages to the motor shaft or the driver gear due to the high torque, angled
bracket 76mmX25mmX6mm, (5), was used to support the motor shaft. On top of the secondary
post, the tracker coupling, (11), was mounted. This coupling was made of two identical flat steel
plates, 102mmX76mmX3mm, which were bolted together by four 6mm bolts. One of these
plates was welded on top of the secondary post, while the other one was attached to the shaft
support, (9). The shaft support has been machined from an aluminum block using CNC assist
milling machine. The shaft support has two 13mm holes where 2 self‐lubricant bronze bushing
(10mm ID) are fitted. A 10mm diameter shaft has been installed on the shaft support. The
follower gear was mounted on one end of this shaft to be coupled with the driver’s gear.
Collector mount, (10), has been made as a “T” shape by joining a flat steel plates,
381mmX76mmX3mm with a 76mmX51mmX19mm steel bar (which has 10mm ID hole). The
shaft, (7) connects the shaft support and the collector’s mount together concentrically. The
collector’s support was fixed to the shaft by means of set screw so that it moves with it. The
collector was then bolted to the collector mount by two 8mm bolts. Finally, the follower gear
and driver gear were coupled together by moving the motor with its support up until they were
fully engaged.
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45mm

76mm

6mm set
screw

20mm

Figure 2.6 Clamp‐on shaft collar
When the altitude angle needs to be adjusted due to the change in sun’s position with respect
to the collector, the altitude motor spins the follower gear which in turn provides the shaft
power. When the shaft rotates, it rotates the solar collector though its collector support which
is attached to the shaft.
Utilizing a motor was quite challenging as it has to provide enough torque to push the collector
against its weight. Thus, the motor has to be powerful enough to do so. However, such a motor
is expensive and consumes a significant electrical power. To resolve this issue, the required
tilting torque from the motor has to be reduced.
An extensive research has been conducted to find a reliable and cost effective way to reduce
the tilting torque. The focus was to incorporate a new mechanism with the altitude tracker
which can carry part of the collector load. The main concept that led to the final design was to

32

use a counter weight which can provide an opposition torque to the torque induced by the
collector’s weight, see figure 2.7. When the collector tilts down approaching its vertical
position, the line of action of the balancing force (X=‐c) passes the altitude pivoting point (at
X=0). Thus, the balancing torque and the torque induced by the collector weight will be in the
same direction. This will increase the load on the motor significantly causing a possible damage
to it, see figure 2.7(b). Furthermore, as the collector tilts up, the required tilting torque
decreases, see figure 2.7(a). However, one drawback in this design is that the balancing torque
increases as the collector tilts up until it reaches a certain position (X=b) where the balancing
torque become more than the torque induced by the collector weight. This will tilt the collector
backwards causing serious damage to the system. The ideal solution is to develop a mechanism
that can deliver a variable balancing torque when the collector moves up or down.

(b)

(a)

Figure 2.7 Mass counter balancer; (a) the collector tilting up; (b) the collector tilting down
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In the second iteration, the concept of variable torque balancer has been employed. A tension
spring has been used to provide the variable balancing torque. This spring was connected to the
collector (parabolic dish was used here) from one end, and to the secondary post from the
other end. When the collector is positioned vertically (in the morning), the spring tension is
maximum and provide a certain tilting torque (depending on the spring specifications and set
up), while the motor compensate the rest of the torque. As the collector moves up to track the
sun, the spring releases its tension slowly until it become zero when the collector is close to its
horizontal position. In the afternoon, when the collector starts to tilt down (due to the decrease
in the solar altitude angle), the spring tension increases to balance the collector (see Figure
2.8). However, testing this mechanism shows instability due to the oscillatory behavior of the
spring causing unstable tilting movement. However, this iteration led to the development of a
novel mechanism called “The Load Compensator” which will be described in details in the next
section, 2.1.1.4

Tensional
spring

(b)

(a)

Figure 2.8 Tensional spring balancer; (a) the collector tilting up; (b) the collector tilting down
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2.1.1.4 Load Compensator
The load compensator is a novel innovative mechanism which was developed during this
research study. By using this mechanism, the tilting torque requirement of the current system
was achieved. The mechanism comprises of; (1) torsion spring (sized according to the load), (2)
spring fittings, (3) “L” bracket, and (4) shaft (the same shaft of the altitude tracker), see Figure
2.9. The spring was sized according to the weight of the solar collector and its components, and
the expected wind and snow loading.

Figure 2.9 The load compensator with its components
The load compensator has been designed and installed as shown in figure 2.9 and 2.10. First,
the screw type spring fittings, (2), have been screwed into both ends of the torsional spring.
One of the fitting was connected to the “L” bracket, (3), which was firmly jointed to the
secondary post. This makes one of the spring’s ends relatively stationary to the other one. The
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other fitting rotates freely around the shaft, (4), and has a set screw to lock it in place at the
desired balancing torque. To set the load compensator, the torsional spring winded (the
collector has to be in its vertical position) from its free end and locked in place tightly when it
reaches the desired torque.
The torsion spring was utilized to partially compensate the weight of the collector and its
components. This spring compensate 70% of the collector weight, while the motor covers the
other 30%. The second advantage of the torsional spring is that it provides a variable balancing
torque to prevent the back tilting and keep the collector always balanced. As the collector tilts
down, it applies more turns to the spring and stores mechanical energy in it, and also provides a
breaking torque to keep the dish balanced. In the morning as the sun rises, the solar collector
starts to track the sun, thus the spring unwinds and slowly releases the stored mechanical
energy to push (with the motor) the solar collector up. When the solar collector passes the
solar noon during its azimuth movement, it starts to tilt down and stores mechanical energy in
the spring again. The third advantage of the torsional spring is that it allows a smooth and
steady tilting movement of the solar collector, especially when it tilts down.
The design of this load compensator makes it possible to use a low power 12VDC motor to drive
the altitude tracker, thus mitigate the power requirement. The load compensator was tested on
a field model of 1.8m parabolic‐dish concentrator successfully. The following figure shows a
schematic and a 3D‐Solid Works model for the solar collector set up with the tracking system
and the load compensator.
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Figure 2.10 schematic and 3D model for the tracking system and the load compensator

2.1.1.5 Tracking System Controller
The function of the tracker controller is to guide the tracker to move the solar collector
synchronously with the sun’s movement. Most of the current and prior arts use sophisticated
computer‐guided (astronomical) controllers with a built‐in module to compute the sun path
(i.e. the altitude and azimuth angles) for a given location by feeding in the local latitude and
longitude. The controller then uses the calculated angles for the given time of the day to guide
the tracker and move the solar collector. The main disadvantages of this system are the cost
and the precise information about the longitude and latitude at the installation site. To
accurately track the sun, the longitude and latitude of the installation site has to be fed
accurately to the controller. It is not always possible to get this information accurately which
would affect the accuracy of the tracking system and hence the overall efficiency of the solar
collector system. Therefore, developing an affordable and reliable controller would capture
developer’s interest as it will reduce the capital and installation costs of the tracking system.
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During this research study, an innovative tracker’s controller featured with phototransistors to
detect the sun position has been developed. This controller differs from the astronomical
controllers as it tracks the sun in real time and thus, independent of the information about the
local longitude and latitude. This controller guides the solar collector to track the sun at any
location and any time of the year without any human intervention. The controller is powered
by a 12VDC solar PV panel which in turn powers the azimuth and altitude motors. The main
principle of this controller’s function is to detect the direct sunlight, then energize or de‐
energize the azimuth or the altitude motors. This controller is simple, reliable, affordable and
independent of the local coordinates. Once this controller is installed on any tracking system
and adjusted, it will guide the tracker immediately without any further adjustments.
The controller was designed to activate one motor at a time. It has two advantages; (1) first, to
avoid any conflict between the azimuth and altitude tracking process which in turn may affect
the solar collector efficiency; (2) second, to reduce the power requirements. Figure 2.11 shows
a flow chart describing the controller operation.
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Figure2.11 Flow diagram showing the controller operation
As shown in this figure, when both photo‐sensors face the sun, both azimuth and altitude
motors are deactivated. After few minutes, once the sun position changes it creates a shadow
on one or both sensors. Thus, one of the following scenarios will occur:
1‐ Both sensors are shaded: The controller will activate the azimuth motor first to correct
the collector’s azimuth position according to the new sun position. When the azimuth
sensor detects the sun light it sends a signal to the controller to deactivate the azimuth
motor. When the azimuth motor stops, the altitude motor starts to run immediately to
correct collector’s altitude position. The altitude motor moves the collector until the
altitude sensor detects the sun light and send a signal to deactivate it. Note that during
normal operation (sun rise to sunset), the azimuth motor runs in one direction (i.e. from
east to west), while the altitude motor reverses its polarity after the solar noon to adjust
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for the increasing altitude angle in the morning and decreasing altitude angle in the
afternoon. The polarity reversal is controlled by the altitude reversal switch.
2‐ One sensor is shaded: The controller will activate the motor that is controlled by the
sensor and deactivate it when the sensor detects the sun light again.
3‐ If the sun covered by clouds for few hours: The controller will not be activated and the
collector will stay in that position. Once the sun comes back, the controller will be
activated to guide the tracker to adjust the collector as mentioned previously (1).
4‐ For a given day, if the tracker operates for few hours and then stopped for the rest of
the day due to clouds, the collector will stay in that position until the next morning. The
next morning, as the sun rises, it activates the controller which moves the collector
further to the west until the azimuth limit switch is activated and reversing the azimuth
motor polarity to bring the collector back to the morning position. When the collector
reaches the morning position, the limit switch reverses the polarity again so that the
tracking process starts again the normal operation.
The controller is comprised of; (1) Two Photo‐sensors (azimuth and altitude sensors), (2) Circuit
board, (3) Azimuth limit switch, (4) Altitude reversing switch, (5) Azimuth trigger arm(east), (6)
Azimuth trigger arm(west), (7)Altitude trigger arm (see figure 2.23), and (8) Power supply, see
Figure 2.12.
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Figure 2.12 The components of the tracker’s controller

(A)Photo‐sensors: Two phototransistors (751‐1023‐ND) were used to detect the sun light as the
sun position changes azimuthally and altitudinally during the day. These phototransistor have a
sensitivity angle, , of 50°. This angle plays an important role in the tracking process especially
in cloudy days (will be discussed later). Each sensor was placed in a carefully‐designed casing.
Azimuth sensor: Initially the casing for the azimuth phototransistor was made as a cuboid with
one side open to create a shadow edge (see figure 2.13). This configuration was based on an
existing tracker design used in Scheffler dishes (solare‐bruecke). The photo‐sensor assembly has
been mounted on the collector and adjusted properly to detect the sun light.
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Shadow edge
Photo‐sensor

Collector
Phototransistor

(b)

(a)

Figure 2.13 (a) Photo sensor position on the collector; (b) photo sensor used in Scheffler solar
collectors

In this arrangement, the sensor configuration determines its operation, so it either energizes or
de‐energizes the azimuth motor when detects the sunlight light. If the photo sensor assembly is
mounted with its open side facing west (see Figure 2.14a), the function of the photo‐sensor
would be to activate the motor when it detects the sun light and deactivates the motor when
there is no light. The second configuration is to mount the sensor assembly with its open side
facing east (see Figure 2.14b). In this case, the photo sensor activates the motor when it does
not detect the sunlight and deactivates the motor when it detects the incident sun light.
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Figure 2.14 Photo‐sensor configurations; (a) sensor looking for shade; (b) sensor looking for light

Both configurations have been tested with the four scenarios described previously. The
controller operates successfully with both configurations in the first three scenarios. However,
in the fourth scenario, both photo‐sensor configurations were failed to determine the sun
position unless the collector was returned to its morning position manually. For that reason,
there was a need for a new solar sensor design that can determine the sun position precisely
without any human intervention.

A new photo‐sensor configuration has been used to resolve the above‐stated problems. Figure
2.15 shows the new photo‐sensor configuration. This photo‐sensor can determine the sun
position for any given day with the four scenarios stated previously.
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A slot

Open side

Figure 2.15 The azimuth photo‐sensor assembly used in the current system
As figure shows, the phototransistor was mounted in a cuboid which has four closed and two
open sides. One of the closed sides (the one which faces the sun) has a 1.5‐2.0mm slot through
which the sunlight enters the sensor casing. The two open sides along with the slot, creating a
wide sensor viewing angle to cover the maximum possible altitude angle. The phototransistor
of the current system has 50° angle of sensitivity,

. The relative radiation sensitivity of the

sensors decreases with the increase of the angle of the incidence, see Figure 2.16. In days with
scattered clouds, a wide angle of sensitivity is required to capture the sunlight. Therefore, using
a phototransistor with a small angle of sensitivity might affect the tracking process.

It is crucial to align the phototransistor axis with the center of the slot. The width of the slot is
crucial as it defines the tracker accuracy. Smaller the slot width, higher is the tracker accuracy.
However, for the present setup it was observed that the slot width should not be less than
1.5mm otherwise the tracker will be extremely sensitive to any vibration or undesirable
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movement due to wind. As a result, the tracker might move randomly searching for the sun
causing a significant drop in the solar system efficiency.

Figure 2.16 The effect of the incidence angle on the relative radiant sensitivity for the
phototransistor used in the current system (751‐1023‐ND)
[(Source: http://www.vishay.com/docs/81531/bpw85.pdf)]

Altitude photo‐sensor: The same concept was used to design the casing of the altitude
phototransistor. The casing has been made as a cuboid shape with 2mm slot on the side that
faces the sun to allow the sun light to pass through it. The phototransistor was placed at the
bottom of the casing, see Figure 2.17.
Both azimuth and altitude sensors have two degrees of freedom to allow precise adjustment,
thus accurate and efficient sunlight collection. Another advantage of the present sensor design
is that it requires only one time adjustment at the installation site. Once, the sensors are
properly aligned, there is no need of any further adjustment. The sensors were mounted on the
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solar system (parabolic dish concentrator) and adjusted on a sunny day when the sun light
incident on the collector was concentrated at collector’s focal point.

12 mm

2mm

85 mm

Phototransistor

26 mm

Figure 2.17 The altitude photo‐sensor assembly used in the current system

(B)Circuit board: An innovative logical algorithm has been developed to control the azimuth
and altitude motors and track the sun in real time. The algorithm was implemented in a circuit
board. Cloudiness problem, which is one of the major issues in any tracking system, has been
taken into account in this innovative algorithm.

Initially, the circuit board was designed to work with the old photo sensors’ configuration
(shown in figure 2.14). The logic of the circuit was to power the drivers in the presence of light
and cut the power off when there is no light. After further developing the photo‐sensors to
come up with the new photo‐sensors’ design (figures 2.15 and 2.17), the circuit board was also
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modified to suite the new photo‐sensors. The logic of the new circuit board was reversed, i.e.,
the circuit board in the new configuration cuts off the power on the drivers in the presence of
light and powers them in the absence of light. The following figure shows the final circuit board
design.

Figure 2.18 the final circuit board design
The circuit board is equipped with a potentiometer, as shown in figure 2.18, to allow adjusting
the photo‐sensors sensitivity. This feature will allow using this circuit board with different types
of photo‐sensors. Another useful feature of this circuit board is that it has an adjustment for
the azimuth and altitude motor speeds. Motor speed adjustment plays a big role when
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adjusting the tracking system sensitivity. The circuit board is also equipped with an on‐off
switch to turn off the system when necessary. The circuit board has been mounted in a water
proof box and equipped with a quick connecter so that it can be removed or replaced easily.
The circuit has been initially built and tested on a bread board. After testing the circuit in the
lab many times with all possible scenarios, the circuit has been finalized and printed on a board
as shown in figure 2.19:

Figure 2.19 Final circuit board design
Figure 2.20 shows the connection diagram for the logic gate and the operational amplifier:
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Figure 2.20 Connection diagram of the logic gates and the operational amplifier

(C) Azimuth limit switch and trigger: Initially, the concept was to use two azimuth limit
switches, one on each side (east and west). However, this configuration needs complicated
switch supports which in turn would increase the system capital cost and complexity.
Therefore, one on/on switch has been utilized to control the eastward and westward
movement. This switch, (3), has been mounted on the azimuth motor support (see Figure 2.12)
and the azimuth trigger’s arms, (5 and 6), were attached to a “C” clamp, which was mounted on
the secondary post. This arrangement allows adjusting the trigger arms correctly to match the
desired azimuthal limits.

The function of this switch is to; (i) reverse the azimuth motor polarity when the collector
reaches its maximum limit, eastward or westward, and (ii) deactivate and activate the control
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circuit board. Due to the variation of the azimuth angle from season to season, the trigger arm
was designed to activate the azimuth switch at the maximum possible azimuth angle (summer
solstice). This will guarantee extracting maximum energy from the sun (by not interrupting the
solar energy collecting process before sunset). The tracking system was designed to be
powered by a small PV panel. Thus, the system automatically powers off at the sunset. The
solar collector stays in that position until the next morning. The next morning, when the sun
rises, the PV panel activates the circuit board which in turn powers the azimuth motor and
moves the solar collector further to the west until the azimuth trigger arm (west) flips the
azimuth limit switch and reverses the azimuth motor polarity. Thus, the collector will move
back to the morning position, see Figure 2.21(a) and 2.22 (a). When the collector reaches the
east limit position, the trigger arm (east) flips the azimuth switch back, which in turn reverses
the azimuth polarity back and activates the control circuit to track the sun normally, see Figure
2.21(b) and 2.22(b).

Figure 2.21 Azimuth switch reversing; (a) the collector reached its maximum west limit; (b) the
collector reached its maximum east limit
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Figure 2.22 Schematic of the azimuth switch operation; (a) the collector moves from east to
west tracking the sun; (b) the collector moves back to the morning position
(D) Altitude reversing switch and trigger: Another switch has been used as the altitude reversing
switch. As shown in Figure 2.12, the altitude switch, (4), was mounted on the azimuth motor
support (on top of the azimuth switch), while the altitude trigger arm, (7), was mounted on the
secondary post the same way the azimuth trigger was mounted.
As mentioned earlier, the altitude angle increases from its lowest value at sunrise to its
maximum at the solar noon and then starts to decrease until it reaches its lowest value again at
the sunset. Consequently, the altitude motor has to tilt the solar collector upward as the
collector moves from the sunrise position to solar noon position azimuthally and tilt it
downward as the collector proceeds further to the west. The altitude reversing switch plays an
important role in this regard. When the collector reaches the solar noon position, the altitude
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trigger arm flips the altitude switch and reverses the altitude motor polarity to start the
downward tilting until it become almost vertical at sunset (see Figure 2.23). The collector stays
in the vertical position until the next morning. The next morning, when the collector moves
back to the morning position azimuthally, the altitude trigger arm flips the altitude switch back
to the upward tilting mode as the collector passes the solar noon position. This way the altitude
motor will be ready to tilt the collector upward when the normally tracking process starts as the
collector reaches the morning position.

(a)

(b)

`
Altitude
switch

Figure 2.23 Altitude switch function
In order to achieve an accurate altitude reversing action, the altitude trigger arm should be
installed and adjusted precisely. The adjustment is straight forward and does not need any
special tooling. The trigger arm should point north when the solar collector facing south. Figure
2.24 shows the altitude switch and trigger arm configuration.
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Figure 2.24 Altitude switch and altitude trigger arm configuration

2.1.1.6 Power supply
The new novel solar tracker is self‐driven and does not need a battery or grid connectivity. The
unique design and integration of the load compensator made it possible to use low power
supply to operate the tracker. A 20W/12VDC solar panel was used as a power supply.

2.2 CALCULATION
This section covers all the necessary calculations which have been performed to design the
tracking system. First, the maximum possible drag forces induced by wind in the area of the
installation have been computed. Second, the torque required by the azimuth motor to spin the
collector azimuthally was calculated.
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2.2.1 Wind loading
Wind loading is one of the crucial factors which need to be considered when designing any
solar collector system. If it is not considered properly, the wind‐induced drag force on the solar
concentrator can be destructive to the entire system. The wind‐induced drag force (Fd) can be
computed as,

2.1

Where,
flow,

is the air density,

is the projected surface area perpendicular to the direction of

is the drag coefficient, and

is the wind speed in m/s (Murdock 1976).

The wind drag force, Fd, and the required balancing weight were computed using equation 2.1
as follow at the standard temperature and pressure:

1.42

27.7

/

2.54

2

2787

Where the dish projection area is 2.45m2 and the wind speed is 100km/hr. The drag coefficient
is set equal to 2, which is a conservative estimate based on the flat plate (Munson et al. 2006).
In the current system, the maximum possible wind drag force occurs when the solar collector is
in the vertical position and the post is extended to the maximum height (see figure 2.4). Figure
2.25 shows the free body diagram of the forces acting on the system. As can be seen from the
figure, the drag force could induce a tipping moment and cause damages. This moment can be
computed as,
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2.2
Where,
: is the tipping moment,
:is the maximum wind‐induced drag force = 2787N,
: is the height of the solar collector= (1.70m)
Hence,
2787

1.70

4737.5 .

Figure 2.25 The free body diagram of the forces acting on the system
To avoid any possible tipping, weight (i.e. concrete slabs) was added to the base of the
collector. The weight of the collector in addition to the weight of the concrete slabs should
overcome the moment induced by the wind‐drag force. The moment balance to avoid tipping
was estimated with reference to the pivot edge as,
55

2.3
is the moment due to the collector’s weight,

Where,

is the moment due to the

weight of the concrete slabs.
The weight of the collector and other components is around 100 kg, and the distance between
the center and the edge of the base is 0.635mm, thus
= 100kg*9.8 m/s2 X 0.635m = 622.3N‐m
Therefore, from equation (2.3), Tslabs = 4115Nm. The weight of these concrete slabs was
computed as,
(2.4)

.

6480.6
9.8

6480.6
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Twenty Concrete slabs blocks (each weighted 35kg) should be placed on the collector base to
withstand the wind drag force at 100km/hr. wind speed. The following figure shows the
dimensions of the collector base:
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Figure 2.26 Top view of the base dimensions of the collector base.

2.2.2 Azimuthal torque (yaw moment) calculation
To calculate the torque required to rotate the collector azimuthally, wind forces have to be
considered. In windy days, the tracker has to spin the collector azimuthally primarily against the
wind drag forces. To achieve this, the gear ratio of the azimuth tracker has been determined.
The following table shows the specifications of the gears used in the current tracking system.

No. of

Diameter (inches)

Bore

Pressure

Face width

Angle

(Inches)

Description

DP*
teeth

Pitch

Outside

(inches)

Driver

12

0.5

0.583

¼

14.5°

¼

24

Follower

120

5.0

5.083

½

14.5°

¼

24

Table 2.1 Specification sheet of the driver and follower gear
*DP: is the diametric pitch of the gear
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According to the above table, the gear ratio of the azimuth tracker is 1:10, excluding the motor
gear ratio. This implies that the motor has to provide a torque 10 times less than the required
yaw moment. The maximum yaw moment

caused by the wind drag force was

estimated for the parabolic dish used in this study. Based on the approximation of the
paraboloid shape of the dish, it has been estimated that the maximum yaw moment will occur
at the wind angle of attack of 72o (see figure 2.27). The maximum yaw moment was calculated
at the wind speed of 100 km/hr by approximating the projection area of the solar collector.
The wind drag force was computed using equation 2.1 as:
1
2

1.42

/

27.7

0.72

2

784.5

Thus the yaw moment was computed as:
(2.5)

Where,

is the wind drag force on one half of the collector;

between the wind force and the pivoting point.
Hence,
784.5

0.5
2

196
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is the perpendicular distance

(Wind angle of attack)
Wind

Dish
Figure 2.27 Wind angle of attack of 72° that causes the maximum yaw torque on the solar dish

As mentioned earlier, the motor has to provide a torque 10 times less than the applied torque.
Thus, the azimuth motor should at least provide 20
100km/hr.

59

to spin the collector at wind speed of

CHAPTER 3: THERMAL RECEIVER
In concentrated solar thermal system (CST), the incident solar radiation is focused into an
enclosure through optical devices where the concentrated solar radiation is absorbed by the
receiver and converted into heat. The CST systems are classified based on the optical
configurations; parabolic trough, parabolic dish and central tower. Parabolic dish concentrators
(PDC) are considered to be the most efficient among solar technologies (Tyner et al., 2001). The
high collection efficiency of the parabolic dish CST system is attributed to the high
concentration ratio of up to 10,000 suns (1 Sun = 1000 W/m2), which is substantially higher
than the other CST configurations; 100 Suns for the parabolic trough CST system and 1000 Suns
for the central tower CST system (Steinfeld, 2005) . A parabolic‐dish CST system consists of a
parabolic dish with a highly reflective surface, a receiver located at the focal point of the
paraboloid, support mechanisms for the dish and receiver, and a tracker to track the sun’s
movement to keep the parabolic dish aligned with the sun throughout the day. The receiver is
the heart of any parabolic dish CST system where the conversion of solar radiation into heat
takes place. This is the component that regulates the overall efficiency of the system. Despite
its critical role, there is a scarcity of studies investigating its geometry and performance to
improve its efficiency. The literature shows few studies that have been conducted to
understand and improve the performance of some pre‐existed receivers; most of them were
theoretical in nature (see Chapter 1). However, due to the escalated power demand and lack of
efficient solar thermal technologies, there is an urgent need to develop efficient and affordable
thermal receivers for CST‐PDC systems. This was the motivation for the present study which led
to the development of a novel high efficiency thermal receiver.
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In this chapter the development and optimization of CST‐PDC receiver will be covered. Two
types of thermal receivers were investigated; water receivers and air receivers. For each type, a
parametric study has been conducted for different shapes and geometries. Five receivers were
fabricated, installed on a field model of 1.8m parabolic‐dish concentrator which has been built
during the course of this study and then tested under the real sunlight. The conversion
efficiencies of these receivers were evaluated for a range of solar radiant flux and working fluid
flow rates.

3.1 CST‐PDC WATER RECEIVER
There are two main types of these receivers, non‐cavity and cavity receivers. In non‐cavity
receivers, the concentrated sunlight heats up one side of the receiver that is exposed to the
sunlight. Then, the working fluid flowing inside the receiver absorbs the heat from the
receiver’s walls as it passes through the receiver. The disadvantage of using this receiver is the
limited surface area exposed to the concentrated sunlight which results in lower heat transfer
rate. Furthermore, due to the small surface area, the receiver’s wall temperature increases,
thus the heat losses increases. In contrast, cavity receivers have larger effective surface area
than non‐cavity receiver which increases the heat transfer rate to the working fluid. The
concept of the cavity receiver is to trap the sunlight inside its cavity to maximize the energy
absorption from the concentrated sunlight. Once the sunlight enters the receiver through its
aperture, it reflects on the receiver’s inner surface many times allowing the working fluid that
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flowing inside it to absorb the heat. The focus in this study was on cavity receivers due to its
high heat transfer rate comparing to the non‐cavity receivers.
Literature shows some studies that have been conducted to understand the performance of
cavity receivers. Most of these studies were numerical in nature and were using numerical
simulation programs (see chapter 1). In these studies, different geometries have been
investigated by the researchers such as cylindrical, spherical and conical receivers. Prakash et
al. (2009) studied the convective losses of a cylindrical cavity receiver. Wang et al. (2010)
conducted a detailed investigation of the fundamental conversion process in a parabolic dish
CSE system through simulations using a three‐dimensional numerical model of the coupled
dish‐receiver system that incorporated solar radiation modeling. They also conducted a
comprehensive parametric study to investigate the impact of several geometrical, radiative and
operational parameters on the performance of the dish‐receiver system.

In this study, the focus was on developing new conical cavity receiver that maximizes the heat
transfer to the working fluid and reduces the heat losses, which as a result increase the overall
efficiency of CST‐PDC solar system.

3.1.1 Cavity water‐receiver for CST‐PDC
The general thermal circuit and the energy balance for the PDC receiver is shown in figure 3.1.
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Figure 3.1Thermal resistances and heat balance of the receiver

Where qsolar is the solar energy incident on the solar receiver exterior wall,
of the exterior surface of the receiver,
receiver wall,

,

,

temperature

is the conductive thermal resistance through the

temperature of the interior surface of the receiver and

is the

convective resistance of the receiver fluid.
As the figures shows, the concentrated solar radiation is incident on the exterior surface of the
receiver. A fraction of this radiation is reflected off the receiver surface, while the rest is
absorbed by the surface. A fraction of the absorbed energy is conducted through the receiver
wall. The increase in the temperature of the receiver wall will cause convection as well as
radiative losses to the atmospheric air. The energy conducted through the receiver wall is then
transferred to the receiver fluid by convection.
The heat gained by the receiver fluid can be expressed as,
(3.1)
Thus,
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( 3.2)

Where

is the solar collector reflectivity,

radiation and

is the solar receiver absorptivity, is the local solar

is the projection area of the solar dish collector.

From equation 3.2, it is obvious that the heat gain increases as the heat losses by convection
and radiation from the receiver decreases. These losses are primarily dependent on the
temperature of the receiver exterior surface. Therefore, these losses can be minimized by
lowering the receiver surface temperature and by insulating the surface of the receiver not
exposed to the direct sunlight. The receiver wall temperature can be lowered by higher heat
transfer to the receiver fluid i.e. lower conductive resistance of the receiver wall and lower
convective resistance to the receiver fluid. The reflective losses can be lowered by painting the
receiver exterior surface in black color.
The conductive and convective thermal resistances are given as,
1

1

2

Where

3.3

is the thickness of the receiver wall, k is the thermal conductivity of the receiver, A is

the surface area of the receiver wall, h is the convective heat coefficient and hr is the radiative
heat transfer coefficient defined as below (Incropera et al., 2006),
(3.4)
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Where

is the receiver emissivity and

is Stefan‐Boltzmann constant. The radiative heat

transfer between the interior surface and the fluid is typically negligible compared to the
convective heat transfer.
To increase the heat transfer rate between the receiver and the working fluid, the conductive
and convective resistance has to be decreased.
Conductive resistance: This resistance can be reduced by selecting the material with higher
thermal conductivity and keeping the receiver wall thickness small and increasing the receiver
wall surface area.
Convective resistance: This resistance can be decreased by increasing the surface area of the
receiver wall and the convective heat transfer coefficient. The convection heat transfer
coefficient depends on the fluid and flow properties.

Two types of cavity receivers were built and experimentally investigated. The first receiver is
the new novel design which is developed during the course of this study. The second receiver is
a cylindrical cavity receiver which is commercially used in some CST systems installations. The
conversion efficiency for each receiver is presented in this section for different flow rates.

3.1.1.1 Novel conical‐cavity receiver for CST‐PDC system
The concept of this novel receiver is to increase the effective surface area of the receiver and
increase the residence time of the working fluid inside it. This as a result, will maximize the
direct sunlight exposure and in turn maximize the heat extraction by the working fluid from the
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receiver’s wall. In CST system, the reflected sunlight from the collector’s surface (parabolic dish
in this case) converges and concentrates at the focal point of the solar collector. As it passes the
focal point it starts to diverge, see figure 3.2. This converged and diverged sunlight rays take a
shape like a cone. Therefore, the new receiver was shaped as a cone with an almost closed end
(apex) to trap all of the diverged sunlight. The dimensions of the receiver are crucial and have
an impact on the effective surface area (i.e. the area that is exposed to the concentrated
sunlight). It is always important to keep the receiver’s aperture as small as possible (slightly
bigger than the focal point of the collector) to maximize the parabolic‐dish sunlight exposure.

673mm
Figure 3.2 Schematic of sunlight reflections from the parabolic dish which is concentrated inside
the receiver

The novel receiver developed in this study comprised of 6mm copper tubing, an outer steel
casing, insulation (between the tubing and the steel casing) and receiver mount. The novel
features of this receiver are (i) the entire concentrated sunlight is incident on the inner portion
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of the tightly spaced tube coil which allows most of the sunlight to absorb by the tube surface
(the tube surface is black coated to maximize absorption and minimize reflection), (ii) the tight
spacing of the tube coil also minimizes escaping of the sunlight, (iii) copper is an excellent
conductor of heat which increases the heat transfer to the working fluid, (iv) the working fluid
will receive heat continuously from the inlet to the exit which will increase the heat transfer to
the fluid, (v) the tightly spaced small tube diameter in helical loops will allow more number of
turns of tubing which will provide more surface area of tube exposed to sunlight as well as
higher exposure time for the fluid in the coil which will maximize the heat transfer, (vi) the
helical loop increases fluid mixing and hence enhances the heat transfer, (vii) the insulation on
the outer side of tubing (i.e. between the tubing and casing) will minimize heat loss, (viii) the
receiver design is compact. A detailed sketch of the novel receiver’s design is shown in
Figure 3.3.
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(a)

673mm

Casing

6mm Copper
tubing

Outlet
Inlet

Figure 3.3 (a) The outer casing of the receiver, (b) internal copper tubing in the specific
configuration, (c) Section view of receiver’s assembly.

Two different geometries of this receiver were constructed and tested to assess the impact of
the geometry on the receiver’s performance. Both geometries have the same copper tubing
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diameter (6mm) and coil length (18.3 m). The receiver’s geometry depends on the focal area,
focal distance and the angle of reflection at the outer rim of the dish. In the current study, the
focal area and focal distance of the selected 1.8m parabolic dish were measured as 152mm and
673mm respectively. The cone angle of receiver is crucial as it determines the length/height of
the receiver for a given length which might affect the receiver’s performance. In the current
study, two angles has been selected, 20.5° and 38°. To fabricate these receivers, two wooden
jigs have been made according to the selected geometries. The copper tubing has been coiled
on these jigs to take their shape. However, a slinky effect has been observed which might affect
the performance of these receivers especially when the dish moves tracking the sun. Therefore,
the coils of these cones have been tied together to reduce the slinky effect. Cylindrical shaped
casing was fabricated for each receiver. The conical copper coils were firmly attached to the
casing which reduces the slinky effect even further. The following Table and figure show the
dimensions of both receivers:
Top Diameter Receiver’s
Receiver’s ID

Cone angle

Aperture
(Apex)

height

A

165mm

19

406mm

20.5

B

216mm

19

279mm

38

Table 3.1 Dimensions of conical receivers
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Figure 3.4 Cavity receivers type “A” and “B”
The experimental set up comprises of, (i) Parabolic dish collector with tracking system, (ii)
Thermal receiver, (iii) Water pump, (iv) Flow meter with ‐/+ 3% F.S. uncertainty, (v) Pressure
gauge, (vi) Copper tubing for the inlet and outlet lines, (vii) Data acquisition system, see figures
3.5 and 3.6.
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Figure 3.5 the experimental set up for water receiver

Receiver

Figure 3.6 Conical receiver installed on the parabolic dish concentrator
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For the field testing, each receiver was mounted on the parabolic dish collector by the receiver
mount. The receiver was adjusted so that its aperture is one inch away from the focal point (i.e.
698mm from the parabolic dish surface). A water pump was used to pump the water through
system. Data acquisition device (USB 9211A) was used to collect the data throughout the
experiments. Two thermocouples were used to measure the temperatures of water outlet and
inlet. NI Lab‐View 2010 program was used to record the data and monitor the system’s
operation. Figure 3.7 shows the Lab‐View program which has been developed for these
experiments.

Figure 3.7 LabView program used for water receiver experiments.
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The outlet and inlet temperatures of the working fluid were measured during each experiment.
Assuming steady‐state conditions, the heat transfer rate inside the receiver was computed
using the following steady‐flow thermal energy equation (Incropera et al., 2006):
(3.5)

Where,

is the heat transfer rate to the working fluid inside the receiver in Watt,

flow rate in kg/s,

is the mass

is the specific heat of water which is 4118 J/kg.K at 25° ‐100° C,

working fluid outlet temperature,

is the

is the working fluid inlet temperature.

Knowing the solar radiation at the day and time of the experimentation and the projection area
of the collector, 2.54 m2 , the input energy from the sun was computed as:
(3.6)

Where,

represents the solar energy incident on the parabolic dish in Watt, is the local solar

radiation in W/m2,

is the projection area of the collector in m2,

is the tilt angle of the

collector which is equal to zero in PDC as it is always oriented towards the sun by using the
tracking system, and

is the reflectivity of the parabolic dish surface which is assumed to be

close to 1.
Thus, equation 3.6 can be written as:
(3.7)

Then the overall efficiency (will be referred as the conversion efficiency) is quantified as:
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(3.8)

Where,

is the conversion efficiency of the system.

To make a good use of time and effort, the experiments were conducted in two phases. The
focus in the first phase was to find the receiver’s optimum design. Subsequently, the receiver’s
position with respect to the focal plane and the parabolic dish surface reflectivity were studied
in the second phase.

Phase‐1
The following tables summarize the operating conditions of the first phase. In this phase
conical‐cavity receivers, type “A” and “B”, were tested.
Solar
Flow rate
radiation

Date
(Kg/s)

*W.F.

GPH (Watt/m2)

05‐May

0.0018 1.7

1158

1

01‐Jun

0.0085 8.1

641

1

02‐Jun

0.0082 7.8

769

1

02‐Jun

0.0111 11

818

1

08‐Jul

0.0071 6.8

1053

1

05‐Aug

0.0062 5.9

1185

1

Table 3.2 Testing that have been performed for the conical receiver type “A”; * W.F. stands for
“weather factor”; 1 corresponds to the clear day
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Solar
Flow rate
Radiation

Date
(Kg/s)
20‐Sep 0.014

*W.F.

GPH (Watt/m2)
13.3 487

1

22‐Sep 0.0105 10

633

1

22‐Sep 0.0077 7.3

528

1

08‐Oct 0.0067 6.4

828

1

08‐Oct 0.0080 7.6

614

1

Table 3.3 Testing that have been performed for the conical receiver type “B”

The Solar radiations were calculated using MIDC SOLPOS Calculator at the longitude and
latitude for the installation location which were; latitude 43.004849°N; and longitude
81.275718°W. SOLPOS calculates the solar intensity for any given location with an uncertainty
of +/‐ 0.01 degrees and Valid from the year 1950 to 2050 CE (NREL)
For type “A” receiver: The preliminary test results of type A receiver are shown in Table 3.4.
It is observed that the conversion efficiency for this receiver varies with the working fluid flow
rate. Figure 3.8 demonstrates the effect of the flow rate on the receiver’s performance:
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Flow rate

Output
Tin

Input
Solar radiation

Tout
power
(C°)

Efficiency

W.F.
power

(Watt/m2)

%

(Kg/s)

GPH

(C°)

0.002

1.7

23.2

84

451

1158

1

2943

15

0.006

5.9

24.6

44

495

1185

1

3010

16

0.007

6.8

22.4

64

1216

1053

1

2675

45

0.0082

7.8

16.3

58

1408

769

1

1953

72

0.0085

8.1

18.5

54.7

1267

641

1

1630

78

0.011

11

17.5

50

1485

819

1

2080

71

(Watt)

(Watt)

Receiver effeciency %

Table 3.4 Preliminary Testing performed on the conical receiver type “A”

100
90
80
70
60
50
40
30
20
10
0

Receiver
performance
phase change
threshold

0

0.005

0.01

0.015

Flow rate (kg/s)

Figure 3.8 The effect of the flow rate on the system efficiency when conical receiver type “A”
was used
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This figure shows that the heat transfer rate increases with an increase in the flow rate reaching
its optimum value, 78%, at 8.1 GPH (0.0085 kg/s). As the flow rate further increased, the
receiver’s efficiency drops as the residence time of the working fluid inside the receiver
decreased. The results also show that at the lowest flow rate, the boiling process started inside
the receiver coil. This was confirmed by the presence of vapors in the water coming out of the
receiver coil. Furthermore, when the flow rate was further lowered (not reported here), pure
steam was exiting the receiver coil. This parametric study is crucial as it identifies the optimum
flow rate for the receiver which is 8.1 GPH in this case.
Type “B” receiver: As Table 3.1 shows, the type B conical receiver has larger aperture, larger
cone angle and smaller length compared to the type A conical receiver. The preliminary test
results of type B receiver are shown in Table 3.5.

Flow rate

Output
Tin

Solar

Input
Efficiency

W.F.

Tout
power

radiation

power

(Watt)

(Watt/m2)

(Watt)

(Cº)

%

(Kg/s)

GPH

(Cº)

0.0067

6.7

24

76.8

1457

828

1

2103

69

0.0077

7.3

20

59

1232

528

1

1342

92

0.0080

7.6

23.3

69

1504

614

1

1560

96

0.0105

10

22.5

58.4

1551

633

1

1608

96

0.014

13.3

26.4

44.9

1068

487

1

1238

86

Table 3.5 Preliminary Testing performed on the conical receiver type “B”
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The results are presented in the graphical form in figure 3.9 to show the impact of the flow rate

Conversion effeceincy (%)

on the receiver efficiency.

100
90
80
70
60
50
40
0.0060

0.0080

0.0100 0.0120
Flow rate ( Kg/s)

0.0140

0.0160

Figure 3.9 The effect of the flow rate on the system efficiency when conical receiver type “B”
was used

It can be clearly seen that the thermal efficiency of type “B” receiver is much higher than type
“A”. Figure 3.10 provides a comparison between these two receivers.
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Type B receiver

Type A receiver

Conversion effeceincy (%)

100
90
80
70
60
50
40
0.0065

0.0085

0.0105
0.0125
Flow rate ( Kg/s)
(b)

0.0145

Figure 3.10 Performance comparison between type A and B receivers

The plot shows that the conical receiver type “B” is more efficient than type “A” with more than
90% conversion efficiency, whereas the conversion efficiency for type “A” receiver did not
exceed 78%. As noted previously, increasing the flow rate more than a certain value has a
negative impact on the receiver’s efficiency. However, the drop in conversion efficiency for type
“B” receiver due to the increase of the flow rate is less significant than type “A”. For instance, at
10.5 GPH, the thermal efficiency for type “A” receiver dropped by 8% from its maximum value
versus 1% for type “B” receiver. Another advantage of type “B” receiver is that its optimum
efficiency achieved in a wider range of flow rates, 7.6 – 10 GPH, while the optimum efficiency
for type “A” receiver occurred around 8 GPH.

79

In a solar thermal system, typically the outlet temperature of water is also an important
parameter in evaluating the system performance, in addition to the conversion efficiency and
the flow rate. From Tables 3.4 and 3.5, it is obvious that the water outlet temperatures in
receiver “B” are higher than the water outlet temperatures in receiver “A” measured at the
same flow rate. However, in order to make this comparison unbiased, the operation conditions
have to be the same, which is difficult to achieve as the solar intensity varied over the course of
experiments. Therefore, the outlet temperatures for type “B” receiver were re‐evaluated using
equation 3.5, based on the same solar heat fluxes as for type “A”, and considering the
measured efficiencies of type “B” which are not expected to change with a change in the input
heat flux at a given flow rate. The results are presented in Table 3.6. The water outlet
temperatures are plotted in figure 3.11.
Type B
Solar

Type A

Type B
Re‐calculated

Flow rate
Input
(kg/s)

Power
Watt

Power
Tout (C°)

η %

Tout (C°)

η %

(Watt)

(Watt)

0.007

2675

45.5

1216

64

72

1926

89

0.008

1953

72.1

1408

58

96

1875

73

0.01

2080

71.4

1485

50

96

1996

63.7

Table 3.6 The outlet temperature for receiver “A” and “B” at the same operating conditions

As expected the water outlet temperatures for type “B” receiver are higher than the outlet
temperatures for type “A” receiver. Moreover, the optimum outlet temperature for type “A”
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receiver which occurred at the lowest flow rate, 0.007 Kg/s, is almost the same as the minimum
outlet temperature of receiver “B” which occurred at the highest flow rate, 0.01 kg/s. At the
lowest flow rate, the water outlet temperature of receiver “B” is 47% higher than receiver “A”,
while at the highest measured flow rate, receiver “B” outlet temperature is 37% higher than
receiver “A”. These results demonstrate that by using type “B”, a certain water temperature
can be achieved with higher flow rate, or at a given flow rate, higher water temperature can be
obtained.

Outlet Temperature (C°)

100.00
80.00
60.00
Type “A” receiver
40.00
Type “B” receiver (re‐
evaluated)
20.00
0.00
0.005

0.007

0.009

0.011

Flow rate (Kg/s)

Figure 3.11 The influence of the flow rate on the outlet temperature of receivers “A” and “B”

As the solar irradiance changes during the day and also from day to day during the year, the
annual temperature difference of the water between the receiver’s inlet and outlet and the
associated heat gains were estimated based on the monthly solar irradiance in London, Ontario,
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to assess the year round performance of the novel receiver. The heat gain by the receiver is
presented in figure 3.12. The results show that the heat gain of the novel conical receiver
reaches its maximum value of 2850 W, approximately in summer. During winter the receiver’s
heat gain ranges between 1300W and 2450W. The estimated annual temperature difference
for this novel receiver at 10GPH is presented in figure 3.13. The plot shows that the estimated
temperature difference during winter ranges between 30.5°C and 63°C and reaches its
maximum value of 65.5°C, approximately in summer.

Jan Feb Mar Apr May Jun Jul

Aug Sep Oct Nov Dec

Figure 3.12 The year round heat gain of the novel conical receiver type B in London, Ontario
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Jan Feb Mar Apr May Jun Jul

Aug Sep Oct Nov Dec

Figure 3.13 Annual temperature difference of the novel conical receiver type B in London,
Ontario

To study the impact of the daily variations in the solar irradiance, the hourly temperature
difference of the water between the receiver’s inlet and outlet and the associated heat gains
were estimated for the two extreme cases (summer and winter solstices). The results are
shown in figure 3.14. These results show differences in heat gain between these two days. At
noon, the heat gain between these days is maximum (i.e. 1550 Watt approximately), while this
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difference decreases before and after noon reaching its minimum values at sunset and sunrise

5:0 6:0 7: 8:0 9: 10: 11: 12: 13: 14: 15: 16: 17: 18: 19: 20:
0 0 00 0 00 00 00 00 00 00 00 00 00 00 00 00

Figure 3.14 Daily water temperature difference and heat gain for the novel conical receiver type
B in London, Ontario

Phase‐2
Type “B” receiver was used in this phase due to its superior performance comparing to type
“A”. In this phase, the effect of changing the distance between the receiver’s aperture and the
parabolic dish reflective surface (the aperture distance) on the receiver’s thermal performance
is experimentally investigated. As mentioned earlier, the receiver frame was designed in a way
that the aperture distance can be adjusted. The receiver was tested at two additional positions,
(a) and (c), as shown in figure 3.15; the results were compared with the results from the first
phase, where the aperture distance was 698mm (case b). In case (a), receiver’s aperture
distance was equal to the focal distance of the parabolic dish, i.e. 673mm. In this case the
receiver effective surface area (the receiver’s inner surface area where the reflected sunlight
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incidents) was decreased. In case (c), the aperture distance was set to 648mm, i.e. 25mm less
than the parabolic dish focal distance. In this position the effective surface area also decreased.
The experiments were conducted at the flow rates of 6, 10, 12 GPH using the same setup in
phase‐1 (see figure 3.5). Table 3.7 shows the operation conditions for these experiments. The
results for cases (a) and (c) are summarized in Tables 3.8 and 3.9, respectively.

Figure 3.15 The aperture distance of the three cases
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Time
Case

Solar

Flow rate

Date

radiation
From

To

(Kg/s)

GPH

(Watt/m2)

W.F.

a

04‐Nov

13:45

14:00

0.0063

6

633

1

a

04‐Nov

13:13

13:42

0.0084

8

673

1

a

04‐Nov

14:20

14:35

0.0126

12

547

1

c

05‐Nov

1:05

13:16

0.0063

6

689

1

c

05‐Nov

13:17

13:27

0.0084

8

673

1

c

05‐Nov

13:39

13:49

0.0126

12

637

1

Table 3.7 Detailed Testing performed on the conical receiver type “B” for case (a) and (c)
Tin

Tout

Output Solar

(Cº)

(Cº)

power

radiation

(Watt)

(Watt/m2)

Input

Efficiency

Flow rate

(Kg/s)

GPH

0.00629

6

11

W.F. power %
(Watt)

58.8 1223

633

1

1609

76

0.008387 8

12.7 50.6 1311

673

1

1710

76

0.012581 12

12.4 37.8 1313

547

1

1390

94

Table 3.8 Case (a): Income and outcome data for type “B” receiver

The performance of the receiver at this position was dropped than Case (b). It is also noted that
the conversion efficiency was low at lower flow rates, 6 GPH and 8 GPH. As the flow rate
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increases, the conversion efficiency increases. However the conversion efficiency recorded at
this position, case (a), was lower than case (b), see figures 3.10 and 3.16.

System effeceincy (%)

100

90

80

70
0.005

0.007

0.009

0.011

0.013

Flow rate ( Kg/s)

Figure 3.16 Case (a): Performance curve

The second experiment was performed for case (c). Table 3.9 summarizes the outcomes from
this experiment.
Tin

Tout

Output

Solar

(Cº)

(Cº)

power

radiation

(Watt)

(Watt/m2)

Input

Efficiency

power

%

Flow rate
W.F.

(Kg/s)

GPH

(Watt)

0.0063

6

13.6

64.2

1311

688

1

1747

75

0.0084

8

13.3

55.1

1444

673

1

1709

84

0.0126

12

13.5

40.4

1393

639

1

1623

85

Table 3.9 Case (c): Income and outcome data for type “B” receiver
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The conversion efficiency at this position was lower than case (a) and (b). However, the
performance curve for this configuration has the same trend of the performance curves in case
(b). The conversion efficiency did not reach 90% in this configuration as shown in figure 3.17.
The performance curves for all three cases are plotted in figure 3.18.

Conversion efficeincy (%)

100

90

80

70
0.005

0.007

0.009

0.011

0.013

Flow rate ( Kg/s)

Figure 3.17 Case (c): Performance curve for type “B” receiver
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Conversion effeceincy (%)

100

90
Case (a)

80

Case (b)
Case (c)

70

60
0.006

0.008

0.01

0.012

0.014

Flow rate ( Kg/s)

Figure 3.18: Comparison of the performance curve for type “B” receiver in all three cases (a), (b)
and (c)

As a conclusion, the best performance for type “B” receiver was achieved in case (b) which is
performed in the first phase. Figure 3.19 shows the reflected sunlight inside the receiver in case
(b). Almost the entire inner surface of the receiver is covered with the reflected sunlight. The
figure also shows that the focused sunlight distributed uniformly on the inner surface of the
conical receiver. Due to the imperfection in the reflective surface and the shape of the dish, few
black spots appeared on the inner surface of the receiver. These spots can be eliminated by
further optimizing the shape of the dish and improve its reflective surface.
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Figure 3.19 The optimum position for type “B” receiver. The reflected sunlight is focused inside
the receiver and covering most of it.

3.1.1.2 Cylindrical‐cavity receiver
As noted previously, cylindrical receiver has been commercially used in some CST systems. In
order to compare this receiver with the novel conical receiver that is developed during the
course of this study, a cylindrical receiver (hereinafter referred to as type “C”) was built from
the same material of the conical receiver with the same diameter, 6mm, and the same length,
18.3m. The experiments were conducted under real sunlight and by using the same set up that
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was use in the first phase, see figure 3.5. Four flow rates were used to study the effect of the
flow rate on the receiver’s performance. The following table shows the operating conditions
under which this receiver was tested.

Time

Solar

Flow rate

Receiver Date

radiation
from

To

(Kg/s)

W.F.

GPH (Watt/m2)

C

05‐Nov 11:52 12:02 0.00629 6

721

1

C

05‐Nov 12:09 12:19 0.00838 8

722

1

C

05‐Nov 12:20 12:33 0.01048 10

718

1

C

05‐Nov 12:34 12:39 0.01258 12

715

1

Table 3.10 Type (C) receiver: Operating conditions

The heat transfer rate and the efficiency were computed and the results are presented in Table
3.11. The efficiency of the type C receiver is compared with that of types A and B in figure 3.20.
The results show that the performance of cylindrical receiver is lower than the conical receivers
with conversion efficiency less than 60%. At the lowest flow rate, the efficiency of type C
receiver is 15% and 36% less than that of types A and B, respectively. Whereas, the peak
performance of type C is 22.5% and 37.5% lower than types A and B, respectively. The poor
performance of type C receiver is due to the coil geometry. That is, a significant portion of the
incident sunlight escaped from the hollow core. During the experiments it was observed that
about 40% of the concentrated sunlight was incident on the back of the receiver casing instead

91

of the copper tubing coil (see figure 3.21), which as a results reduced the magnitude of the
effective incident solar radiant flux on the coil as well as the effective coil surface area, which
attributed to the lower receiver performance. The plot also shows that the receiver’s
performance did not improve considerably with the increase of the flow rate.

Flow rate

Tin

Date
Cº

Output

Solar

power

radiation

(Watt)

(Watt/m2)

Input
Efficiency

Tout
Cº

W.F.

power
%

Kg/s

GPH

05‐Nov

0.0063

6

16.9

55

987

721

1

1831

54

05‐Nov

0.0084

8

16.3

43.1

928

722

1

1834

51

05‐Nov

0.0105

10

14.4

39.6

1090

718

1

1824

60

05‐Nov

0.0126

12

13.7

34.5

1075

715

1

1816

59

(Watt)

Table 3.11 Type (C) receiver: Experimental results
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90
80
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Figure 3.20 A comparison of the conversion efficiency for type A, B and C in a range of flow rate
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Figure 3.21 Cylindrical receiver type “C”. Part of the reflected sunlight is incident on the
receiver’s casing instead of the coil.
As shown in the previous figure, the conversion efficiency did not vary a lot as the flow rate
changes. However, its magnitude did not exceed 60% which is considerably less than type A and
B receivers as shown in figure 3.20. For instance, the maximum conversion efficiency that
achieved for type “C” receiver at 10GPH was 60%, while the efficiency for type A and B at the
same flow rate were 72% and 96%, respectively. Furthermore, the outlet temperatures for this
receiver were less than the conical receivers for all selected flow rates.
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The following figure demonstrations the outlet temperature as a function of flow rate for all
three receivers (A, B and C).
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3.22 A comparison of the outlet temperature for type A, B and C in a range of flow rate

From this figure, it can be concluded that not just the conversion efficiency for type “B” receiver
is higher than type A and C, the outlet temperature also higher at the same flow rate. This
makes type B receiver the best choice to improve the overall efficiency of CST‐PDC system that
uses water as a working fluid.
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3.2 AIR RECEIVER FOR CST‐PDC SYSTEMS
Solar air receiver has been studied broadly by many researches. Some of these studies were
analytical in nature and focused on existing high temperature air receivers, specifically
volumetric air receivers (see chapter 1). One of the main advantages of using air receivers is
that they are clean as they use air. Utilizing solar technologies with air receivers has an
advantage over other type of receivers in areas that suffer from water shortages (Bai, 2010).

In this study two solar air receivers were built and tested on 1.8m field model parabolic dish
system. The receiver has been made from two different materials (i.e. steel and aluminum) to
understand the effect of the thermal conductivity and the heat capacity on the heat transfer
rate between the air and the receiver. The two receivers were constructed as cuboid with
removable back wall. Air passages were created inside each the receiver by using baffles. These
passages force the air to stay longer inside the receiver for maximum heat absorption. The
experiments were conducted with the base configuration i.e. clear passages, and by filling the
passages with copper wool (Medium course 99.9% pure copper and RVC (reticulated vitreous
carbon) foam, see table 3.12 and 3.13 for the copper wool and RVC specifications.
Density

0.323 lb/cu.in.

Melting point

1080 °C

Thermal conductivity

390 W/m.K

Table 3.12 Copper wool specifications (102 copper alloy)
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Specific heat

1.26 J/g ºC

Bulk thermal conductivity

0.033‐0.05 W/m ºC

Temperature limitations

In air 315 ºC

Pore sizes

30 pores per Inch

Table 3.13 Carbon foam specifications (ERG Materials and Aerospace Corporation)

When the copper wool or RVC foam was inserted in the receiver channel, additional thermal
resistances (in series) were added which are the contact resistance between the foam or wool
material and the receiver wall, and the conductive resistance through the foam or wool
material. To increase the heat transfer rate between the copper wool/RVC foam and the
receiver interior wall, the contact resistance must be low. This can be accomplished by press
fitting the copper wool/RVC foam.
The receiver was mounted on the parabolic dish by using different receiver mount than the one
used for water receivers. The receiver was adjusted at 673mm (i.e. its face at the he focal
point). The air inlet to the receiver was connected to an air compressor that pumps air through
the receiver. Air flow meter, pressure gage and control valve were used to control the flow.
Two type “J” thermocouples with uncertainty of ‐/+0.4% were calibrated and used to measure
the inlet and outlet temperatures of air inlet and outlet. NI Lab‐View 2010 program was used to
record the data and monitor the system’s operation. Figures 23, 24 and 25 show the steel
receiver, aluminum receiver and the experimental set up. Five cases have been tested as follow:
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Figure 3.23 Aluminum air receiver mounted on the dish. The picture shows the concentrated
sunlight on the receiver

Figure 3.24 Steel air receiver mounted on the dish. The picture shows the concentrated sunlight
on the receiver
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Figure 3.25 experimental set up for air testing

Steel Receiver‐ With RVC
Power

Flow
Tin
rate

Output Power

Tout (c°)
(c°)

(W/m2)

(Watt)

Efficiency

Solar radiation
input

(%)
(Watt)

(LPM)
20

153.7

27.9

36

1045

2655

<1

40

155

22.4

125

971

2468

5

50

198.8

32.3

205

881

2238

9

60

146.9

29.4

183

744

1890

10

70

181.5

20.3

296

755

1918

15

Table 3.14 Results for steel receiver with RVC foam
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Figure 3.26 Inlet and outlet temperature as a function of flow rate for steel receiver with RVC
foam
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Figure 3.27 Receiver’s efficiency as a function of flow rate for steel receiver with RVC foam
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Steel Receiver‐ No foam
Output

Solar

Power

Power

radiation

input

(Watt)

(W/m2)

(Watt)

Efficiency

Flow rate
Tout (c°)

Tin (c°)

(LPM)

(%)

30

113.9

14.3

82

404

1026

8

40

122.4

16.5

117

385

978

12

50

118.4

15.1

144

369

936

15

60

128

14.7

199

359

911

22

70

135.5

15.5

268

349

886

30

Table 3.15 Results for steel receiver without foam
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Figure 3.28 Inlet and outlet temperature as a function of flow rate for steel receiver without
foam
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Figure 3.29 Receiver’s efficiency as a function of flow rate for steel receiver without foam

Steel Receiver‐ Copper wool
Output

Solar

Power

Power

radiation

input

(Watt)

(W/m2)

(Watt)

Efficiency

Flow rate
Tout (c°)

Tin (c°)

(LPM)

(%)

30

38.1

14.3

20

222

563

4

40

78.7

14.7

71

210

535

13

50

88

12.3

107

207

525

20

60

115

12

183

192

487

37

70

109.4

12.4

220

177

449

49

Table 3.16 Results for steel receiver with copper wool
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Figure 3.30 Inlet and outlet temperature as a function of flow rate for steel receiver with copper
wool
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Figure 3.31 Receiver’s efficiency as a function of flow rate for steel receiver with copper wool
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Figures 3.26 to 3.31 show that in all cases the efficiency increases as the flow rate increases. At
higher flow rate, the thermal efficiency of the steel receiver when no foam used was 30%. Using
RVC foam shows the lowest efficiency of 15.5% as it has a low heat transfer coefficient. Copper
wool gave the highest thermal efficiency of 49%. However, with higher temperature the copper
wool might not be suitable and another alternative, like ceramic foam can be used for that
purpose.

Aluminum Receiver‐ No foam
Flow rate

Tin

Output Power

Solar radiation

Power input

(c°)

(Watt)

(W/m2)

(Watt)

Tout (c°)
(LPM)

Efficiency (%)

20

93.8

31.8

56.5

680.1

1727

3

30

105.4

31.8

108.4

686.8

1744

6

50

76.7

27.9

132.1

255.4

649

20

Table 3.17 Results for aluminum receiver without foam
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Figure 3.32 Receiver’s inlet and outlet temperature as a function of flow rate for aluminum
receiver without foam
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Figure 3.33 Receiver’s efficiency as a function of flow rate for aluminum receiver without foam
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Aluminum Receiver‐ With copper wool
Flow
Tout

Tin

Output Power

Solar radiation

Power input

Efficiency

(c°)

(c°)

(Watt)

(W/m2)

(Watt)

(%)

30

51.9

21.7

24

264

670

4

40

58.5

23.2

38

151

383

10

50

48.8

23

35

227

576

6

70

57.5

22.8

66

208

528

12

rate
(LPM)

Table 3.18 Results for aluminum receiver with copper wool
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Figure 3.34 Receiver’s inlet and outlet temperature as a function of flow rate for aluminum
receiver with copper wool
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Figure 3.35 Receiver’s efficiency as a function of flow rate for aluminum receiver with copper
wool

Figure 3.32 to 3.35 show that the increase in the flow rate improves the efficiency. However the
overall performance of aluminum receiver poor comparing to steel and the conversion
efficiency did not exceed 20% at the highest flow rate. That can be explained as the effect of
the high heat capacity of the aluminum which makes it absorb the heat from the sun and not
give it away to the air flowing inside it. Figure 3.36 shows the conversion efficiency for both
receivers in all cases.
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Figure 3.36 Conversion efficiency both receivers in all cases as a function of flow rate
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CHAPTER 4: NOVEL WATER DESALINATION SYSTEM
UTILIZING SOLAR ENERGY

4.0 INTRODUCTION
As described in chapter 1, water desalination is a process by which salt and other minerals are
removed from the saline water. Chapter 1 has detailed some of the conventional methods
which are used to desalinate water. Two main methods of water desalination are thermal
treatment (evaporation‐condensation of water) and reverse osmosis (RO). In thermal
treatment, the saline water is heated causing the liquid water to evaporate. These vapors are
then condensed to obtain pure liquid water. In reverse osmosis process, the pressurized saline
water flows through water permeable membrane and thus, the pure water is separated from
the salts. Both methods require significant energy which in most of the present desalination
plants is obtained from conventional fossil fuels. As discussed in Chapter 1, due to increase in
population, the demand for clean water is expected to rise exponentially, and with rapidly
shrinking reserves of fresh water, the availability of fresh water is looming as a severe global
crisis in the coming decades. Furthermore, the depletion of fossil fuels (the primary energy
source for water desalination) and their harmful effects on the environment are demanding to
seek renewable energy resources and technologies for water treatment. Another major issue
with the existing thermal and RO processes is the fouling deposition inside the flow system
which in turns blocks the flow and causes and reduces the system’s efficiency.
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In this thesis study, a novel water desalination system based on thermal distillation is proposed
to overcome these challenges. Solar energy is utilized in this novel technology to provide the
required thermal power for the water desalination process. In this system, the working fluid is
atmospheric air. The thermal air receiver that is developed during this study (see chapter 3) is
used in this system. The schematic of the novel system is shown in Figure 4.1. The main concept
of this novel technology is to use air as the working fluid to transfer heat from the solar thermal
receiver to the water desalination unit. The system comprised of (i) solar parabolic dish and
receiver, (ii) tank containing saline/brackish water (tank 1), and (iii) tank containing and
collecting clean water (tank 2). In this system, atmospheric air is passed through the receiver of
a solar parabolic dish concentrator, where it gets heated to a very high temperature. This
heated air is then bubbled through the saline or brackish water in tank 1, which heats up the
saline water and makes it boil. The steam vapors produced by boiling, along with the air, are
initially collected in the upper section of tank 1 where their pressure continue to increase. The
clean water in tank 2 is maintained at a certain height such that the hydrostatic pressure at the
bottom of the tank where it is connected to tank 1, is lower than the steam/air pressure at the
top of tank 1. This causes the steam/air mixture to enter the tank 2 from the bottom and mix
with clean water. As the steam gets in contact with the clean water, it condenses and become a
part of the clean water, while the air forms bubbles, which rise and escape from the top of the
tank to the atmosphere. The clean water is collected from the side opening.
There are several advantages of this novel system compared to the existing systems which are
listed below,
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1. Design simplicity
2. Effective transfer of heat from air to water for boiling. The direct physical contact
between the two fluids is the most efficient and effective way of heat transfer. When
the hot air is bubbled through the saline water in tank 1, the air bubbles are in physical
contact with the surrounding water and transfers entire heat to the water domain.
3. Effective transfer of heat from steam for condensation. When steam is in direct contact
with clean water in tank 2, it condenses immediately without the requirement of any
additional cooling system. Fins could be added on the exterior side of tank 2 to further
enhance the cooling.
4. Zero environmental impact. The system utilizes atmospheric air, which discharges to the
atmosphere at the end of the process without any environmental footprint.
5. The system is easy to maintain without any issues with corrosion and fouling as the
brine is collected from the bottom of tank 1.
6. Minimal power requirement for the system. The main power requirement for the
system is for the operation of the fan/blower/compressor for air. The requirement for
air pressure is not too high. That is, pressure should be large enough to bubble the air
through the saline water in tank 1. This could also be minimized by keeping low
hydrostatic pressure of brackish water in tank 1 (i.e. smaller water depth).
7. No power is required for the rest of the system. The pressure generated by the steam
should be large enough to push the steam/air mixture into the clean water tank by
maintaining a minimal water height in tank 2. As the volume of clean water increases in
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tank 2 due to steam condensation, the excess clean water is removed from the outlet
located at the side of the tank and thus, maintaining the minimal water height.
8. The saline/brackish water is placed in a reservoir and fills the tank 1 as needed under
the action of gravity. No pump is needed.
9. The complete system can work as an isolated unit without the need for electrical grid
connectivity. A PV solar panel could be used to operate the fan/blower/compressor and
the parabolic dish.
10. The capacity of the unit can be increased by increasing the dish size, or adding
additional dish(es).
11. Due to the modular nature of the system, it can be used in residential, commercial as
well as industrial applications.

Figure 4.1: Schematic of the novel water desalination system
111

Before developing the working prototype of the proposed system, a parametric study based on
the theoretical analysis is useful to properly size the prototype unit. Computationally it is very
challenging to model the system due to presence of three fluid phases (liquid water, water
vapor and air) as well as the phase change processes. Furthermore, the computational
resources required are substantial. Since the final objective is to demonstrate the technology
through prototype development, a simple alternative would be to conduct a fundamental
thermodynamic analysis to get the bulk approximation of the system performance which would
help in sizing the prototype unit. Note that the fabrication of the prototype unit and its field
testing is beyond the scope of this Master’s thesis.

4.1 THERMODYNAMIC ANALYSIS OF THE SYSTEM
The heart of the proposed system is tank 1 where the thermal distillation process takes place by
the transfer of heat from air to liquid water to produce steam. The performance of this system
depends on the heat input and the generation rate of steam and both of these parameters
could be estimated through the analysis of the processes occurring in tank 1. Therefore, the
thermodynamic analysis is performed by considering tank 1 as the thermodynamic system.
Initially, i.e. at the beginning of the process, heating is used to increase the temperature of the
saline water to the saturation temperature (Ts) in the form of sensible heat transfer. Once the
water reached the saturation state, the heat is utilized in the form of enthalpy of vaporization
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to transform saturated liquid water into saturated water vapor at Ts. As the water vaporizes,
mass of water in the saline solution decreases, make‐up is added to tank 1 (see figure 4.1). For
simplicity, the overall analysis is divided into four phases to capture the effect of various
processes.
Phase I: Analysis of the heat transfer rate and the time required to increase the temperature of
saline water to the saturation temperature.
Phase II: Analysis of the steady‐state steam generation rate at the saturation temperature
when the vapors leaving the tank are continuously being replaced by the make‐up saline water.
Phase III: Analysis of the time required for the half of water mass in the tank to evaporate in the
absence of the make‐up water supply.
Phase IV: Analysis of the time required to heat the saline water when half empty tank is filled
with saline water at the standard conditions.
The detailed analyses of these phases are presented and discussed below.

4.1.1 PHASE I: Transient Heating (Startup)
When the system is activated, it requires some time for to heat up the water from the standard
temperature to the saturation temperature. During this period, there is no production of clean
water, therefore, the duration of this period (i.e. the system startup time) may influence the
overall production capacity of the system and hence, needs to be evaluated for different
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conditions. To calculate this time period, the energy balance equation is applied (Cengel et al.,
2002):

4.1

Where

the heat transfer rate to the system,

is the work done on the system,
water in the tank,

is the heat transfer rate from the system,

is the work done by the system,

is the final internal energy,

is the mass of the

is the initial internal energy.

There is no work interaction during this process, and the heat input to the system is the net
heat transfer by the hot air from the receiver. Equation 4.1 can be simplified and expressed in
terms of the time required to heat up the water to the saturation temperature as:

Δ

Where

(4.2)

i.e. the internal energy of saturated liquid water at 100°C, and

is

the internal energy of water at 25°C.
Assuming (i) incident solar radiation of 1000 Watt/m2 , (ii) Receiver’s conversion efficiency of
50%, (iii) dish projection area of 2.54m2 that corresponds to 1.8 m diameter parabolic dish. The
time required to heat up a range of water masses (i.e. 1.5 to 24 kg) to the saturation
temperature is computed using equation 4.2. The results presented in figure 4.2.
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Figure 4.2: Time for heating water to the saturation temperature as a function of water mass
The figure shows that the system startup time increases linearly with the increase of the water
mass, as expected since the time period and the mass are linearly related in equation 4.2. It can
be also seen that for a 1.8 m diameter parabolic dish, just the heating of 24 kg of water will take
almost the entire day, which is not practical. For this dish size and the given solar irradiance,
heating of 6 kg or less appears to be practical. The results in the above figure show that a small
dish (projection area of 2.54 m) may not be a feasible size for this application. To further
understand the performance of the system, the startup time is been computed under various
operating conditions and parameters (i.e. solar radiation, dish size and receiver’s thermal
efficiency).
As mentioned in previous chapters, the solar irradiance changes over the year, therefore, a
practical way to assess the performance of a system is not at a constant solar irradiance but
over the year. Figure 4.3 shows the effect of the monthly variation of the solar radiation on the
startup time. The monthly solar radiation for London Ontario is used in this analysis. The mass
of water, dish area and the receiver’s conversion efficiency are assumed to be 30 kg, 10m2 and
50%, respectively.
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Figure 4.3: The effect of the solar radiation on the startup time

The figure shows that for a given system size, the startup time varies not linearly over the year.
The shortest startup time (about 3 hrs) is at the summer solstice and longest startup time
(about 7 hrs) is at the winter solstice, as expected, with an annual average of about 4.5 hrs. The
plot also shows that the startup time is more than doubled from summer solstice to winter
solstice.
The impact of the dish size on the startup time is shown in figure 4.4. The water mass,
receiver’s conversion efficiency and solar radiation are assumed to be 30 kg, 50%, and 1000
W/m2, respectively.
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Figure 4.4: The effect of the dish size on the startup time
The plot shows that the startup time decreases nonlinearly with the increase of the dish’s size.
With 20m2 parabolic dish, the startup time is reduced by approximately 87% than the 2.54m2
solar dish from about 16 hours to 2 hours.
Another way to reduce the startup time is by improving the efficiency of the receiver i.e. the
fraction of the total incident solar irradiance extracted by air in the form of heat. Figure 4.5
shows the effect of the receiver’s efficiency on the startup time for 10m2 solar dish, 30L water
volume and 1000 W/m2 solar radiation. The plot shows that the receiver efficiency could
reduce the startup time considerably. A 55% reduction in the startup time is observed when the
receiver efficiency increased from 40% to 90%.
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Figure 4.5: Startup time as a function of receiver’s efficiency

For a given capacity of the system at a specific geographical location, the above results show
that the startup time could be reduced by either increasing the dish size, or improving the
receiver efficiency or both. There are advantages to have a large size dish which increases the
collection area but some of the issues with the large size dish are larger cost and higher
susceptibility to wind forces. Increasing the efficiency of the receiver is a more feasible option,
however, significant research efforts are needed to develop a high efficiency air receiver.

4.1.2 PHASE II: Steady State Boiling
Inside the tank, when the water reaches its saturation temperature, the water starts to boil
and converts into steam. In this phase, a steady state flow system is considered and thus, the
flow rate of the makeup water and the generated steam are assumed to be the same. The mass
flow rate equation of the steam is derived as follow starting from the energy balance equation
of the control volume (Cengel et al., 2002):
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,

Where,

4.3)

,

in the mass of makeup water entering the system (at 25 oC),

,

steam exiting the system (saturated vapor at 100oC),
the system,

,

is the mass of

is the enthalpy of the water entering

is the enthalpy of the saturated steam exiting the system.

Assuming steady state process with no work interactions, equation 4.3 will reduce to:
0
Where

=

4.4

=

is the convective heat loss from the system to the atmosphere which is defined as below
(Incropera et al., 2006):
4.5
Where

is the overall heat transfer coefficient,

saturation temperature,

is the tank surface area,

is the water

is the atmospheric temperature.

Substituting equation 4.5 into equation 4.4, we get:
4.6
Assuming an efficient heat transfer from air to water such that the air leaves the system at the
water saturation temperature, the rate of heat transfer from air to water inside the tank which is
equal to Qin is defined as below (Incropera et al., 2006),
119

4.7
Where,

is the mass flow rate of air,

is the temperature at which air leaves the receiver,

which can be computed as,

4.8

,

Where,

is the receiver’s efficiency, I is the incident solar radiation,

projection area,

the mass flow rate of air entering the receiver,

at of the receiver (i.e. atmospheric air temperature),

,

is the parabolic dish
the air inlet temperature

is the specific heat of air.

By substituting equation 4.8 into equation 4.7 we get:
4.9

,

Hence, the mass flow rate of steam produced can be expressed as,
,

4.10

This equation provides as estimate the steam production rate inside the tank after the startup
process. A parametric analysis is conducted in the following to study the effect of various
parameters on the steam production rate.
Figure 4.6 shows the mass flow rate of steam as a function of the mass flow rate of the air. The
other parameters were, 1000 w/m2 solar radiation, 50% receiver’s efficiency and 2.54m2
parabolic dish.
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Figure 4.6: Mass flow low rate of steam as a function of mass flow rate of air
The plot shows that an increase in the mass flow rate of air decreases the production rate of
steam. An increase in the mass flow rate of air reduces the receiver air outlet temperature (see
equation 4.8), which reduces the heat transfer rate to water (see equation 4.9). An increase in
the air flow rate also reduces the residence time of air bubbles in the water, which also reduces
the effective heat transfer from air to water. However, the mass flow rate of steam is relatively
less sensitive to the mass flow rate of air. For example, an increase in the airflow rate by a
factor 32 causes a decrease in the steam production rate by about 33%.
The effect of the air inlet temperature to the receiver i.e. the atmospheric temperature on the
steam production rate is shown in figure 4.7. The other parameters were, 1000 w/m2 solar
radiation, 50% receiver’s efficiency, 0.0008kg/s air mass flow rate and 2.54m2 parabolic dish.
The plot shows that steam production rate increased with an increase in the atmospheric air
temperature almost linearly, however, the steam production rate is not very sensitive to the
atmospheric temperature. An increase in the atmospheric temperature by 56%, causes an
increase in the mass flow rate of the steam by only 13%. An increase in the atmospheric
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temperature causes an increase in the air temperature at the receiver outlet (see equation 4.8),
which increases the heat transfer to the water (see equation 4.9). Furthermore, an increase in
the atmospheric temperature also reduces the heat losses from the tank, thus, results in an
overall increase in the steam production rate.
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Figure 4.7: Mass flow rate of steam as a function air inlet temperature

Figure 4.8 shows the effect of the size of the solar dish collector on the mass flow rate of the
steam for 6 different dish sizes (i.e. 2.54, 5, 10, 15, 20 and 25 m2) at air mass flow rate, solar
radiation and conversion efficiency of 0.0008kg/s, 1000W/m2 and 50%, respectively. The
results show that the steam production rate increases significantly with an increase in the dish
size. An increase in the dish size by a factor of almost 10, increased the steam production rate
by a factor of more than 17.
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Figure 4.8: Mass flow rate of steam as a function dish size
The receiver efficiency also has an impact on the steam generation as depicted in figure 4.9,
where the steam production rate is plotted versus the receiver efficiency. The solar radiation,
dish size and mass flow rate of air are considered to be 1000W/m2,10 m2 and 0.0008kg/s,
respectively. The plot shows an increase in the steam flow rate with an increase in the receiver
efficiency. Higher receiver efficiency causes a higher heat transfer rate to air, which in turn
causes a higher heat transfer rate to water which results in higher steam production rate. The
results also show that the steam production rate is relatively sensitive to the receiver efficiency.
As the receiver efficiency increased by 125%, the steam mass flow rate increased by almost
150%.
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Figure 4.9: Mass flow rate of steam as a function receiver’s conversion efficiency
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Figure 4.9 shows the impact of the solar radiation during the year on the mass flow rate
assuming the system is operating in the city of London, Ontario. The dish size and efficiency
and mass flow rate of air are considered constant at 10 m2 , 50% and 0.0008kg/s respectively.
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Figure 4.10: Mass flow rate of steam as a function the annual solar radiation for city of London

4.1.3 PHASE III: Transient Boiling
In this phase another scenario is considered i.e., instead of having a continuous supply of
makeup saline water, the makeup water is added at once when half of the water in the tank is
converted into steam and escaped the tank. The makeup saline water that is equal to the mass
of water remaining in the tank is added which changed the bulk water temperature and hence
additional heat is required to bring the water temperature of the mixture to the saturation
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state. Thus, there are two steps in this process. The first step is to convert 50% of the water
into steam and the second step is to add make up water to the system and calculate the time
required to heat up the water in the tank to bring it to the saturation temperature.
Equation 4.11 is derived from the energy balance equation 4.3 to compute the required time to
convert 50% of the water in tank 1 into steam without the supply of makeup water.

Δ

Where,

(4.11)

mass of the steam exiting the system,

enthalpy of the steam at 100°C,

are the final and initial masses of water, respectively,
energy of water, respectively,

and

and

are the final and initial internal

is the rate of heat transferred from air to the water.

The influence of various parameters on the time required for this process is presented below.
Figure 4.11 shows the impact of the initial mass of water in the tank on the time period. The
other parameters were considered to be 1000w/m2 solar radiation, 50% receiver`s conversion
efficiency and 2.54 m2 dish. The plot shows a linear increase in the time period with an
increase in the initial mass of water. As the initial mass of water increased from 1.5 kg to 24 kg,
the time required for half the water to convert into steam increased from about 42 minutes to
more than 11 hours.

125

Time (hr)

12
10
8
6
4
2
0
0

0.01

0.02

0.03

Water volume (L)

Figure 4.11: Water volume versus the time of boiling 50% of water

One option to reduce the time is to increase the dish size. Figure 4.12 shows the effect of
increasing the dish size on the boiling time. The solar radiation, water volume and the receiver`s
conversion efficiency remain constant as 1000w/m2 solar radiation, 30 kg and 50% receiver`s
conversion efficiency, respectively.
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Figure 4.12: Dish size versus the time of boiling 50% of water

The plot shows an inverse relation between the boiling time and the dish size. As the dish size
increased by a factor of 10, the boiling time also decreased by a factor of 10. It is observed that
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the boiling time reduced to about two hours with 25m2 dish versus 14.25 hours with the 2.54
m2 dish.
By increasing the receiver`s efficiency, the boiling time can be reduced even further. Figure 4.13
shows the receiver`s efficiency versus the boiling time for 6 different receiver`s efficiencies and
with 1000W/m2 solar radiation, 30 kg of water using 10 m2 dish.
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Figure 4.13: Receiver`s efficiency versus the time of boiling 50% of water

As expected, the boiling time decreases as the receiver`s conversion efficiency increases,
however, the boiling time is relatively less sensitive to the receiver efficiency. The boiling time
reduced by 56% as the receiver efficiency increased by 125%, reaching its minimum value of
two hours with 90% efficient receiver.
Figure 4.14 shows the impact of the solar radiation during the year on the boiling time of 30kg
of the water assuming the system is operating in the city of London, Ontario. The dish size
efficiency constant at 10 m2 and 50%, respectively.
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Figure 4.14: Time of boiling 50% of water versus the solar radiation on London city

4.1.4 Phase IV: Re‐heating
When 50% of water converts into steam the makeup water valve opens allowing the makeup
water to refill the tank. As the makeup water enters the system at standard temperature (25
o

C) which is less than the saturation temperature of 100 oC, the temperature of the mixture

drops, therefore, additional time is needed to bring the mixed water into the saturation
temperature again and start the steam production. This time can be computed using equation
4.2. The internal energy of the mixture is computed from the energy balance of the system
after adding the makeup water as below (Cengel et al., 2002):
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Δ

(change in the energy by adding the makeup water)

4.12

The time required for this process is computed for a range of water masses at 1000W/m2 solar
radiation, 50% receiver`s conversion efficiency and 2.54m2 dish. The results are presented in
figure 4.15. As the figure shows, the re‐heating time increases with an increase in the mixture
mass. However, this re‐heating time is almost half of the time required to heat up the water
from the standard conditions (see figure 4.2). The re‐heating time increases from 23 minutes to
6 hours as the water mixture mass increases from 1.5 kg to 24 kg.
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Figure 4.15: Water volume versus the required time to re‐heat the water to the saturation
temperature

The influence of dish size on the reheating time is shown in figure 4.16. The other parameters
were set at 1000w/m2 solar radiation, 30 kg and 50% receiver`s conversion efficiency.
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Figure 4.16: Dish size versus the required time to re‐heat the water to the saturation
temperature

From the figure, it can be noted that the required time for re‐heating can be reduced by
increasing the size of the dish. This time can be reduced to about 50 minutes to heats up 30 kg
of water to its saturation temperature by using 25m2 dish. Improving the conversion efficiency
of the receiver leads to reduce the time even further, see figure 4.17. Six receiver`s efficiency
are considered at 1000W/m2 solar radiation, 30 L of water and 10 m2 dish. The plot shows that
by improving the efficiency of the receiver from 40% to 90%, the re‐heating time decreases
from 2.5 hours to 1.1 hours approximately.
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Figure 4.17: Receiver`s efficiency versus the time of re‐heating the water to the saturation
temperature
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Figure 4.18 shows the impact of the solar radiation during the year on the re‐heating time of
30kg of the water assuming the system is operating in the city of London, Ontario. The dish size
and efficiency at 10 m2, 50% , respectively
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Figure 4.18: Solar radiation versus the required time to re‐heat the water to the saturation
temperature in London city
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CHAPTER 5: CONCLUSION
Due to the urgent demand for alternative energy sources to replace or at least reduce the need
for conventional energy sources, solar energy becomes very important. Developers and
researches invested time and money over the last few decades to make solar technology more
viable. However solar technologies are still relatively expensive and inefficient comparing to the
existing conventional technologies. Therefore the focus in this study was to develop new
technologies that can improve the efficiency of the solar energy systems and reduce the cost.
In the current study, novel components for solar thermal systems have been developed
including; novel solar tracking system (developed, built and tested); novel solar thermal
receiver (developed, built and tested); and a proposed novel solar desalination system.
Chapter 2: A novel dual axis tracking system has been developed. The salient features of this
device compared to the existing products are simple design, better accuracy, easy and quick
installation, and capability to adjust over a range of loading conditions, and lower capital,
operating and maintenance costs. This new product can be used in a variety of solar energy
systems including: PV panels, parabolic dishes, solar shades, and solar thermal collectors.
Detailed description of the components of the tracker was presented. Many possible scenarios
have been taken into account during the development of his system. The wind loading
calculations were performed to ensure the stability of the system under different wind speeds.
Solar sensor packages and tracker control were designed and constructed. The tracker was
tested successfully on a parabolic dish collector with very high accuracy.
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Chapter 3: In this chapter two types of thermal receivers were investigated; water receivers
and air receivers. Different shapes and geometries were investigated (conical, cylindrical and
cuboid). Five receivers were fabricated, installed on a field model of 1.8m parabolic‐dish
concentrator which has been built during the course of this study and then tested under the
real sunlight. The conversion efficiencies of these receivers were evaluated for a range of solar
radiant fluxes and working fluid flow rates.
An experimental investigation during this study on different geometries of cavity receivers
showed that the conical cavity receiver is more efficient than the cylindrical one. The
conversion efficiency of the conical receiver has reached over 90% while for the cylindrical
receiver, the conversion efficiency did not exceed 60%. The position of the receiver with
respect to the focal plane has been also investigated. Two different air receivers have been
build and tested; steel and aluminum. The aluminum receiver was found to be not suitable for
solar application as it absorbs the heat and does not transfer it effectively to the working fluid.
The performance of the steel receiver was higher at 49% when copper wool was used.
Chapter 4: Due to the increase in population, the demand for clean water is expected to rise
exponentially. Furthermore, the depletion of fossil fuels and their harmful effects on the
environment are motivated to seek renewable energy resources and technologies for water
treatment. Additionally the existing desalination technologies are experiencing many serious
issues such as fouling deposition. This study proposed a novel solar thermal system that uses air
as a clean working fluid for water desalination.
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A parametric study based on the theoretical analysis is useful to properly size the prototype
unit. The analysis conducted for tank 1 which is the heart of the system (see figure 4.1). The
analysis was conducted in four phases; transient heating, steady state boiling, transient boiling
and re‐heating. The results show that the time required for heating/re‐heating decreases and
the steam production rate increases with an increase in the dish size, efficiency of the thermal
receiver and the solar intensity. It is observed that to desalinate 30 kg of water, the minimum
dish size should be 10 m2 for the receiver efficiency of 50%. The study indicates that the
implementation of the proposed system in a practical application is feasible.
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Future recommendations


The current solar tracker design does not have the feature to adjust the position of the dish
in the presence of strong winds or under heavy snow. These features could be included in
the future design of the solar tracker for the safety of the solar collector.



The use of metal foam or metal wool would potentially increase the efficiency of the air
receiver. More extensive work could be carried out to make air receivers more efficient.



The prototype of the proposed water desalination system needs to be developed and
tested in the field environment.
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